Microwave spectrometer measurements on the scattering properties of a cylindrical discharge. by Fooks, Edward Henry.
-  1 -
U N I V E R S I T Y ,  OF  L O N D O N  
F A C U L T Y  OF  S C I E N C E
MICROWAVE SPECTROMETER MEASUREMENTS ON THE 
SCATTERING PROPERTIES OF A CYLINDRICAL DISCHARGE
A Thesis Presented fo r  the 
Degree o f Doctor o f  Philosophy by 
EDWARD HENRY FOOKS
Department o f  P hysics,
B attersea  C ollege o f  Advanced Technology,
London.
September 1964
ProQuest Number: 10804726
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804726
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
✓
-  2 -
ABSTRACT
When(a plasma column o f  an equal number o f  ion s and
e lec tro n s was placed in  a beam o f  microwave power then,
' * *
under su ita b le  con d itions which were derived , there was 
an in te ra c tio n  between the microwaves and the e lec tro n s  
in  the plasma column.
A K-band microwave spectrom eter was b u ilt  in  an 
enclosed p a r a lle l p la te  transm ission  l in e  system , with a 
fix ed  horn and a v a ria b le  p o sitio n  r e c e iv e r . A beam o f  
power was d irected  onto the c y lin d r ic a l plasma column in  
the absence o f  s t a t ic  magnetic f i e ld s  and with the  
e le c t r ic  f ie ld  vector p a r a lle l to  the plasma a x is .  The 
plasma e lec tro n  d en sity  was swept a t 50 c / s e c . ,  g iv in g  a
id  o
peak d en sity  o f  the order o f  £ x 10 electron s/m etre .
The angular sca tter in g  o f  the microwave beam by the plasma 
column was measured in  d e ta il ,  to determine the v a r ia tio n  
o f  the to ta l  power w ith in  the system as a function  o f  the  
electron  d en sity . The f in a l  graph showed two regions  
w ith greater absorption o f  microwave power; one 
corresponded to the plasma frequency c r ite r io n , w h ils t  
the other occurred a t h a lf  th is  c r i t i c a l  e lectro n  d en sity .
From sim ila r  traces obtained over the region  
22-26 G c /se c ., the l in e a r ity  r e la tio n sh ip  between the
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e le c t r o n  d e n s i ty  and th e  d isch a rg e  cu rren t  was dem onstrated , 
The s c a t t e r in g  p a t te r n  from th e  plasma column was more 
c o n s i s t e n t  w ith  a geom etric  o p t i c a l  th eo ry  than w ith  a 
s i m p l i f i e d  wave th e o r y ,  even though th e  column r a d iu s  was 
o n ly  one and a h a l f  w a v e len g th s .
-  4 -
INDEX
Page
L is t  o f  Principal Symbols 6
Chapter I Introduction  8
1 ( i ) Plasma O sc illa t io n s  8
l ( i i )  Plasma Waves 12
l ( i i i )  Resonance Phenomena Measurements 12
l ( i v )  The R ela tive  P erm ittiv ity  o f  an 16
Ionized  Gas
l ( v )  The E lectron D ensity D istr ib u tio n  in  16
the Plasma
Chapter I I  The Apparatus 24
2 ( i )  The P a ra lle l P late Spectrometer 24
2 ( i i )  The Construction o f  the Spectrometer 30
2 ( i i i ) The Microwave Horns 37
2( iv )  The Preparation o f  the Lens 40
2(v) The Open-Ended Waveguide R eceiver 45
2(v i )  The Response o f  the Input Horn 45
2 ( v i i )  The Microwave Bench 53
2 ( v i i i )  The Discharge Tube C ircu it 56
Chapter I I I  Integrated  Power Measurements 64
3 ( i ) Introduction  64
3( i i ) The F e a s ib il ity  o f C ertain 66
«
Microwave Systems
-  5 -
Page
3 ( i i i )  Discharge Tube Currents 67
3( iv)  In tegrated  Power Measurements 69
3(v) Sources o f  Error in  the In tegrated  61
Power Measurements 
3(v i ) Conclu sion  97
Chapter IV Plasma Phenomena 99
4 ( i )  The R elation sh ip  between the E lectron 99
D ensity o f  the Plasma and the S ca tter in g  
E ffec t over a Band o f  Microwave Frequencies 
4 ( i i )  A Waveguide Measurement on the R eflec tio n s 111
from the Pla3ma 
4 ( i i i )  The R eflected  Power from the Plasma in  112
the Spectrometer 
4 ( iv )  The Anomalous Plasma Absorption a t  a 114
Lower E lectron D ensity  
Chapter V The Theory o f  S ca tter in g  from a 119
C ylin d rica l Plasma 
5 ( i )  Introduction  119
5 ( i i )  S ca tterin g  from a Plasma Column: Wave 120
Theory
5 ( i i i )  The Angle o f Maximum Scattered  Power 132
5(iv) Conclusions 150
References 152
Acknowledgments 156
-  6 -
LIST OF PRINCIPAL SYMBOLS
a D isch arge  tube in n er  r a d iu s ,  plasma radius*
An C o n stan ts  o f  s e r i e s  f o r  s c a t t e r e d  e l e c t r i c  f i e l d *
&• D isch arge  tube o u te r  r a d iu s :  Impact param eter.
B M agnetic f l u x  d e n s i t y .
&n,E£ C on stan ts  o f  s e r i e s  fo r  e l e c t r i c  f i e l d  in  plasma column.
c V e lo c i t y  o f  l i g h t ,  3 x XQ^m./sec.
c C o n stan t,
C„P„ C on stan ts  o f  s e r i e s  f o r  e l e c t r i c  f i e l d  in  d isch a rg e  tube
dB D e c iB e l .
D D isp lacem en t d e n s i t y .
Da Amfcipolar d i f f u s i o n  c o e f f i c i e n t .
e E le c tr o n  charge: E x p o n e n t ia l .
&• U n it v e c to r  in  r  d i r e c t i o n .
E E l e c t r i c  f i e l d  v e c t o r .
Eo E l e c t r i c  f i e l d  am p litu d e .
■f Lens f o c a l  l e n g th :  Lens ap ertu re  number.
f. Plasma freq u en cy .
F s§/ae
Gc/sec. 10 c y c l e s / s e c o n d .
H M agnetic f i e l d  v e c t o r .
K >> Hankel fu n c t io n  o f  th e  second kind and o rd er  n .
oc 
1—1 Flasraa cu rren t  norm alized  to  plasma frequency  c u r r e n t .
j x s .
To D isp lacem en t cu rren t  d e n s i t y .
te E le c tr o n  c u r re n t  d e n s i t y .
Tt T ota l cu rren t d e n s i ty  eq u a ls  (JB+JC) .
X(x) B e s s e l  fu n c t io n  o f  o rd er  n .
k Wave number.
k9 Wave number in  g l a s s .
K Wave number i n  f r e e  sp ace .
kp Wave number in  plasm a.
K B e l t  s o e r r  - s  cor,s r a n t .
m  E l e c t i v e  m a t t ,
n  R t f  r e s t i v e  I n d c r r  E a e e e l  f u n c t i o n  o r d e r  number*
N E l e c t r u n  d e n s i t y *
N0 A x i a l  e l e c t r o n  d e n e i ty e
NM E l e c t r o n  d e n s i t y  a t  rad iu-s  r ,
(ttQ,z) C y l i n d r i c a l  c o -o r d in a te  systzr-  *
R P o s i t i v e  column r a d i u s *
t  Time*
T  At -to 1; x t  e t  ova ce r  a  b-u r  o t yC *
L^(kr) G e n e ra l  s o l u t i o n  o f  second  o r d s r  d i f f e r e n t i a l  e q u a t i o n *
V(f) S u b s t i t u t i o n  f o r  N ^ t / c / ^ m c J 1.
X  E lec tro n  d isp lacem en t*
Y Cx) Neumann f u n c t i o n  o f  o r d e r  r ,n
H. dumber o f  i o n i s i n g  c o l l i s i o n s  p e r  se co n d ,
Z  D i f f e r e n c e  o f  i o n s  p e r  u n i t  volume,
oC Angle :  A t t e n u a t i o n  *
$ E l e c t r o n  d e n s i t y  p a r a b o l i c  d i s t r i b u t i o n  c o n s t a n t *
b P a r t i a l  d i f  f e r e n t i a t i o n *
Krcn cck e r  d e l t a  (* l f n « 0 ) ,  (« O, r, 1 0}*
€ R e l a t i v e  p e r m i t t i v i t y , ,
6* C o u r l a x  r e l a t i v e  p e r m i t t i v i t y .
€0 P e r m i t t i v i t y  o f  f r e e  s p a c e ,
X F r e e  sp ace vravelength*
X 3 G r id e  r a v e l en g th *
Fro  a sp a c e  perme a b i l i t y ,
V C o l l i s io n ? * !  f r e q u e n c y  o f  e l e c t r o n s ,
n  3•142,
or Plasma o r  m e ta l  c o n d u c t i v i t y ,
I(t,G) S c a l a r  p o t e n t i a l *
CJ A n g u la r  f req uency *
O p A n g u la r  p lasma f r e q u e n c y .
-  3 -
CHAPTER I 
INTRODUCTION
1 ( i ) Plasma O sc illa t io n s
A plasma, as described in  th is  work, c o n s t itu te s  an 
ion ized  volume o f  gas in  which the to ta l  charge o f  the free  
e lec tro n s and the a sso c ia ted  p o s it iv e  ion s g iv es an o v er a ll  
n eu tra lly  charged space. Langmuir^^, in  1929, introduced  
the name to describe the phenomenon th at was gen era lly  to  be 
found in  the p o s it iv e  column o f  a low pressure d ischarge.
The term p la sm a 1 has sin ce  been used to cover a wide range 
o f  physical s ta te s  from low pressure d ischarge columns to  
high v e lo c ity  e lectro n  beams and h igh ly  io n ized  gases a t  
high tem peratures.
In the p o s it iv e  column o f  a low pressure d ischarge, the
18e lec tro n  d en sity  i s  o f  the order o f  10 per cubic metre, 
with e lectron  temperatures o f  10,000°K. and p o s it iv e  ion  
temperatures o f  300-400°K. The e lec tro n s in  a homogeneous 
plasma are not a ffe c ted  by the presence o f in d iv id u a l 
p o s it iv e  io n s . Thus the to ta l  charge o f  the ion s may be 
trea ted  as a uniform d is tr ib u tio n  throughout the volume o f  
the plasma.
( 2 )Langmuir and Tonks' 1 (1929) f i r s t  recognized the 
presence o f  o s c i l la t io n s  th a t may occur w ith in  a plasma.
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They found th a t, with an in crease in  the e lectron  d en sity  
o f  a plasma com pletely f i l l i n g  the space between a p a r a lle l  
p la te  condenser, the d ie le c t r ic  constant o f  the plasma 
decreased and passed through zero .
The equation o f motion o f an e lectro n  in  a homogeneous 
plasma i s
m x  + m v i  = -eE0eJU,t  (1.1)
where x i s  the displacem ent o f  the e lec tro n , o f  charge e 
and mass m, from i t s  r e s t  p o sitio n  when under the in flu en ce  
o f  an e le c t r ic  f i e ld  E. The e le c t r ic  f i e ld  has an 
amplitude Eq and time v a ria tio n  denoted by ejwt . )? denotes
the c o l l i s io n a l  frequency o f  the e lec tro n .
Therefore
^  m ( o % . V 1) ~  +  m ( o l + V 1) ^   ( 1 , 2 )
The e lec tro n  current d en sity  due to the motion o f  the 
e le c tro n s ,
3^ = -  N e x  ..........
-r _ Ne^V r  N e z ^
I e ' J e  "   ( 1 , 4 )
where N i s  the e lec tro n  d en sity .
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The to ta l  current d en sity  i s  the sum o f  the 
e lectro n  and displacem ent current d e n s it ie s .  The 
displacem ent current d en sity
X  = E
g iv in g  the t o ta l  current d en sity ,
(1.5)
J  = t
T m ( ^ / )  ~
N e :
me0(u*v‘) (1 . 6 )
The two terms in  the equation (1.6)  represent the  
conduction current and the net displacem ent current.
Therefore, i f  (S'and € are w ritten  fo r  the con d uctiv ity  
and the r e la t iv e  p erm ittiv ity  o f  the plasma r e sp e c t iv e ly ,  
then
N e 2V>
<5 = m (c o 2+ \? 2) (1.7)
6 = 1- m
N e2
(co2+ V 2)e ,
(1 .8 )
These two equations may be formulated as a complex 
p erm ittiv ity
I -
Nea N e 2V
m  (go1-  v>1) e.a + V 1)
(1.9)
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When the c o l l i s io n a l  frequency i s  n e g lig ib le , the 
complex p erm ittiv ity  i s  rea l and equal to the r e la t iv e  
p erm ittiv ity  o f  the plasma.
From equation (1.9)  i t  i s  seen th a t , for  a lo s s le s s  
plasma, the r e la t iv e  p erm ittiv ity  may become zero at a 
p a rticu la r  e lectro n  d en s ity . The frequency at which the 
r e la t iv e  p erm ittiv ity  becomes zero fo r  a given  e lectron  
d en sity  i s  ca lled  the plasma frequency, f p= C0P^2TT.
I t  i s  seen th a t , for  su ita b le  e lectron  d e n s it ie s ,  the  
plasma frequency may occur in  the microwave region  o f  the 
electrom agnetic spectrum. For example, i f  the e lectron
18 od en sity  in  a c o l l i s io n le s s  plasma i s  10 electron s/m etre , 
then the plasma frequency i s  9 .0  G c/sec.
There i s  a s im ila r  resonance e f f e c t  a sso c ia ted  with  
the ordered motion o f the p o s it iv e  ion s in  the plasma. 
However, because the mass o f  an ion  i s  sev era l thousand 
tim es greater than th a t o f  an e lec tro n , fo r  a given d en sity  
o f  e lec tro n s and ion s the two re sp ectiv e  resonant 
frequencies are sev era l orders o f  magnitude apart. The 
electro n  resonance occurs a t the higher frequency and i s  
therefore more e a s i ly  a tta in ed  a t microwave freq u en cies.
A plasma may be considered as a d ie le c t r ic  with a 
r e la t iv e  p erm ittiv ity  o f  l e s s  than u n ity  under certa in  
co n d itio n s. In order that an electrom agnetic wave may see  
the d ie le c t r ic ,  the ra te  o f  change o f the r e la t iv e
-  12 -
p erm ittiv ity  must be sm all in  a wavelength* I f  the 
change i s  la r g e , the electrom agnetic waves may only see an 
averaged value fo r  the plasma p e r m ittiv ity . 
l ( i i )  Plasma Waves
For an id e a liz e d  plasma i t  i s  assumed th at the plasma 
has a zero temperature. The plasma o s c i l la t io n s  are not 
transm itted through the plasma, but are lo c a liz e d  to the  
region  in  which they o r ig in a te . I f  the e lec tro n s in  the 
plasma are given a f i n i t e  temperature, then, because o f  the  
motion o f  the e le c tr o n s , the o s c i l la t io n s  a sso c ia ted  with  
the e lectro n s w i l l  move through the plasma.
In th is  manner a plasma wave may be s e t  up. The 
thermal motions o f  the e lec tro n s may carry a wave whose
frequency i s  near the plasma frequency through the plasma.
(3)D ispersion  formulae have been derived by Thomson , 
Gross^^ , Bohm and Gross^^,  and V la so v ^ ^ . Although each 
author makes d iffe r e n t  assumptions about the s ta te  o f  the  
plasma, the d isp ersion  formulae are o f the general form
studied the sc a tter in g  o f  30 cm. radio waves from a plasma
CO2 = CO2 +  C k 1 ( 1. 10)
where k i s  the wave number.
d . i i )
l ( i i i )  Resonance Phenomena Measurements
(7)Following the o r ig in a l work o f  Tonks, Romellw '
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column. He found that as the current was varied  through a 
3*2 cm. diameter discharge tube, the amount o f  power th a t  
was r e f le c te d  from the plasma near the expected plasma 
resonance was 80% o f  the power th a t would have been 
r e fle c te d  from a h a lf  wavelength wide metal s t r ip  in  the 
same p o s it io n . H e r lo f s o n ^  , D a t tn e r ^  , H erschberger^0  ^
and B o le y ^ ^  are among the authors who have reported the 
presence o f  a main resonance at the plasma frequency and 
a lso  o f  the secondary resonances a t lower e lectro n  
d e n s it ie s ,  Figure 3 . In a l l  the experiments the plasma 
column was sm all compared with a wavelength, and with the  
a x is  o f  the plasma column perpendicular to the applied  
e le c t r ic  f i e ld  v ec to r .
A ll the e a r lie r  works agreed th a t the power r e f le c te d  
by a small plasma column, p a r a lle l to the applied  e le c t r ic  
f i e l d ,  was small and o f  the nature expected from a 
d ie le c t r ic  cy lin d er . W ill is  and P e t r o f f^ ^  found th at  
sim ilar  plasma resonances occurred even i f  the e le c t r ic  
f i e ld  vector was p a r a lle l to the a x is  o f  the plasma column.
These works, however, have in  general d ea lt  w ith a 
plasma column th a t i s  sm all compared with a wavelength.
(13)
Kaiser and C loss' ' showed th a t the l in e  d en sity  o f  a 
plasma must not exceed 2 x 1015 e lectron s/m etre , i f  there  
was to be a resonance e f f e c t .  This constant i s  derived  
from the con d ition s which govern the resonance o f a plasma
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column which i s  sm all compared with a wavelength. For
in creasin g  e lectro n  d e n s it ie s  the d ip o le  plasma resonance
d ie s  ou t, and the r e f le c t io n  c o e f f ic ie n ts  o f  the p a r a lle l
and the transverse p o la r iza tio n s  are nearly equal.
l ( i v )  The R ela tive  P erm ittiv ity  o f  an Ionized  Gas
The i n i t i a l  experiments to determine the p erm ittiv ity
o f  an ion ized  gas were performed a t  radio freq u en cies .
The p o s it iv e  column o f  a low pressure discharge f i l l e d  the
volume between the p la te s  o f  a p a r a lle l p la te  condenser.
I t  was then assumed that the change o f  the capacitance o f
the condenser on varying the discharge current was due to
the change o f  the p erm ittiv ity  o f  the d isch arge. The
p erm ittiv ity  was found to  decrease from u n ity  to a w ell
defined  minimum, whereupon for  a further in crease  in  the
discharge current, the p erm ittiv ity  increased  and became
greater than u n i t y ^ ^ '^ T  Using a m odified apparatus,
( 1$)Appleton and C hilds' 1 showed th a t th is  anomalous
behaviour was due to the formation o f a p o s it iv e  ion
sheath over the surface o f  the p a r a lle l p la te s . Appleton 
(19)and Chapman' 7 further showed th a t, a f te r  a small i n i t i a l  
current was flow ing , the p erm ittiv ity  co n tin u a lly  decreased  
fo r  an in crease in  the discharge current.
The f i r s t  measurements a t microwave freq u en cies were 
carried  out by Adler^20 ,^ u sin g  an extension  o f  the theory 
o f  the measurement o f  d ie le c t r ic  con stants in  a resonant
-  17 -
ca v ity . The discharge tube was placed along the a x is  o f  a
c y lin d r ic a l c a v ity , resonating in  the Eq^q mode a t  10 Gc/sec .
( 21)Sim ilar measurements were made by Foulds w ith the  
discharge tube along the a x is  o f  a c y lin d r ic a l c a v ity , 
resonating in  the Hq-q  mode near 3 G c/sec. The change o f  
the resonant frequency o f  the ca v ity  was measured fo r  
in creasin g  discharge tube cu rren ts . The r e la t iv e  
p erm ittiv ity  o f  the discharge was ca lcu la ted  from the  
change in  the resonant frequency and p lo tted  as a fu n ction  
o f  the d ischarge current.
The p lo ts  are approximately s tr a ig h t l in e 3 ,  although  
they do not agree with the th e o r e t ic a l s lo p e s . Figure 1 
shows the ra tio  o f the d e f le c t io n  a t resonance normalized 
to the d e f le c t io n  fo r  zero d ischarge current. I f  the 
power which i s  fed  in to  the ca v ity  i s  constant fo r  a l l  
discharge cu rren ts, then the d e f le c t io n  a t resonance i s  
proportional to the square o f  the Q fa c to r  o f  the c a v ity .
The th e o r e t ic a l curves represent the changes in  the 
Q fa cto r  due to a lo s s  in  the discharge which i s  a fun ction  
o f the current. Therefore, in  ad d ition  to  the 
con d uctiv ity  lo s s  in  the plasma, there i s  a further lo s s  
which i s  e f f e c t iv e  over a small band o f  d ischarge cu rren ts.
At the resonant frequency o f  the d ischarge the 
e lec tro n s w i l l  o s c i l la t e  a t the frequency o f  the applied  
electrom agnetic f i e ld .  The magnitude o f the o s c i l la t io n s
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w il l  th erefore b u ild  up as the e lec tro n s ex tract energy 
from the electrom agnetic f i e l d .  Even i f  the c o l l i s io n a l  
frequency i s  sm all, the amount o f  power lo s t  from the 
r . f .  f i e ld  w i l l  be large  fo r  each c o l l i s i o n .  Near the 
plasma frequency, th is  lo s s  o f  power i s  shown by the  
minimum in  the Q fa c to r  o f  the c a v ity . 
l ( v )  The E lectron D ensity D istr ib u tio n  in  the Plasma
I t  i s  gen era lly  assumed th a t the e lectro n  d en sity  in  a 
plasma column bounded by a v e s se l in crea ses  l in e a r ly  w ith  
the discharge current. This has been shown experim entally  
usin g  Langrauir probe techn iques. In Chapter IV, the  
Figures 44 and 46 depend on the e lec tro n  d en sity /cu rren t  
r e la tio n sh ip  and, as such, support the l in e a r ity  
assum ptions. Within the plasma column the e lec tro n  
d en sity  d is tr ib u tio n  v a r ie s  with the ra d ia l d is ta n ce . I t  
i s  assumed that the d is tr ib u tio n  i s  uniform a t a given  
radius along the column.
An a n a ly s is  o f  the p o s it iv e  column o f  a low pressure
( 2 2 )discharge i s  given by Cobine' ' ,  fo llow in g  the treatm ent 
(23)o f  von Engel . I t  i s  assumed th at in  the se c tio n  o f  
the c y lin d r ic a l d ischarge tube, Figure 2 , the mean free  
path o f the e lec tro n s i s  sm all compared with the diameter 
o f the tube. At the pressures in  the d ischarge tube, the  
mean free  paths are l e s s  than a m illim etre . The whole 
region  o f the p o s it iv e  column has equal e lectro n  and
-  19 -
p o s it iv e  ion  con centration s, N.
The ra te  o f  d iffu s io n  o f  ion s a t a radius r  towards 
the w all i s
(Si
where Da i s  the ambipolar d iffu s io n  c o e f f ic ie n t .
The lo s s  o f  io n s from a s h e ll  o f  th ick n ess dr, radius  
r and o f u n it length  in  1 second i s
d Z  -  2 n ^ [ -   » • » ,
Therefore
d.Z  = - 2 n D tt(nT^-^- +  4 r ' ) c^ r ......... ( 1 *u )
Ions must be produced w ith in  the s h e l l  in  order th at  
the system may remain in  equilibrium .
Therefore
d Z  = z .N .2 n /ircLt'.................................. ......... (1.15)
where z i s  the number o f  io n iz in g  c o l l i s io n s  th at each 
e lectro n  makes in  each second.
Combining the two previous equations g iv e s
= 0 ............................. ..........u . w
d-r -T d.'T D„
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or
2 . m
-I—^ _ n  +  1 . ^ !  +  n = od.y2 y d.y ......... (1.17)
where ~ J ' j  ...........(1.18)
The so lu tio n  to th is  equation i s
N t = N 0 x C y >  -  N aX  ( i / j y   < v » >
where N i s  the concentration  o f  e lec tro n s along the a x is  o
o f  the d ischarge. As i s  seen from Figure 4 c , the g re a te s t  
value th a t x can have i s  2.405* This corresponds to zero
electro n  d en sity  a t r  = R, the radius o f  the p o s it iv e
column. Then equation (1.19)  becomes
N M  -J / 2'4'tA ...............(1.20)
N0 R'O
Figure 4 a lso  shows a parabolic d is tr ib u t io n  o f
e lectron  d en sity  which i s  frequently  used in  c a lc u la tio n s
because o f i t s  s im ila r  form to the B esse l fu n ction  J (x ) .o
(24)K illia n ' ' showed from probe measurements on a 
p o s it iv e  column th a t the e lec tro n  d en sity  was o f  the form
NW  = N0(l -  % $ ) .  (Figure 4b> .......
The important fa c to r  here was th a t the e lec tro n  d en sity  did  
not f a l l  to zero a t the boundary o f  the plasma.
The sp a tia l d is tr ib u tio n  o f  e lec tro n s  from microwave 
measurements was d iscu ssed  by Brown^2^ .  The plasma was
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s itu a ted  in  a ca v ity  which could reson ate in  severa l modes 
at s l ig h t ly  d iffe r e n t  freq u en cies . The ca v ity  measurements 
d ea lt with a plasma which was formed and maintained by a 
discharge current. For each mode o f  resonance w ith in  the  
c a v ity , a d iffe r e n t  se c t io n  o f  the plasma column had a 
predominant e f f e c t ,  according to  the d if fe r e n t  f i e ld  
configurations over the volume o f the c a v ity .
/ oA \
Golant summarized measurements on d e n s it ie s  
w ith in  a decaying plasma. The plasma i n i t i a l l y  f i l l e d  a 
sp h erica l con ta iner, being produced by the d ischarging o f  
an 11 kv. condenser bank through a c o i l  o f  four tu rn s.
The e lectron  d is tr ib u t io n , and in  p a rticu la r  the radius o f  
the s h e ll  o f  c r i t i c a l  e lectro n  d en sity , was determined by 
the phases o f  the electrom agnetic waves r e f le c te d  from the  
plasma a t various freq u en cies.
The aim o f the experiment i s  to in v e s t ig a te  the 
v a r ia tio n  with current in  the lo s s  o f  microwave power in  a 
plasma. To t h is  purpose, an enclosed system i s  used to  
measure the t o ta l  powers a t d if fe r e n t  discharge cu rren ts .
A p a r a lle l p la te  system i s  used to g iv e  both a greater  
degree o f  freedom in  measuring the to ta l  powers and a lso  to  
give  a new approach in  the in v e s t ig a t io n  o f  the p rop erties  
o f  a plasma.
-  23 -
The design  and con stru ction  o f  the p a r a lle l p la te  
spectrometer i s  presented in  Chapter I I .  The to ta l  
in tegrated  power measurements w ith the a sso c ia ted  
prelim inary experim ents and d e t a i ls  o f  the precautions are 
in  Chapter I I I .  Chapter IV i s  concerned with the  
subsid iary r e s u lt s  th a t are d ir e c t ly  deducible from the  
necessary experim ental measurements required in  the  
previous chapter. The f in a l  chapter d isc u sse s  the  
p o ssib le  th e o r e t ic a l approaches to  the problem o f  
sc a tter in g  from a plasma column, together w ith  
experim ental r e s u lt s .
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CHARTER II  
THE APPARATUS
2 ( i )  The P a ra lle l P late Spectrometer
In the f i e ld  o f  microwave system s, measurements may 
be made in  any one o f  sev era l ways; u sin g  waveguide, 
c a v ity , free  space or other transm ission  l in e s ,  Y/hen a 
p a r a lle l p la te  transm ission  l in e  i s  used in  the dominant 
transverse electrom agnetic mode, the system has sev era l 
fea tu res which are s im ila r  to fr ee  space. In p a rticu la r , 
the wavelengths in  the two system s are the same.
The spectrom eter was th erefore  designed to g ive  free  
space measurements in  the laboratory by u sin g  a p a r a lle l  
p la te  region  with the propagation constant eq u ivalen t to  
the value in  free  space.
Two forms o f  K-band microwave spectrom eters have been
(27) (2$)p reviously  used by Culshaw and Sollom . The former
was a free  space model, being formed from two horns
rotating about a central point, whilst the latter wa3
constructed  in  a p a r a lle l  p la te  system .
Culshaw*s fr e e  space spectrom eter had an adjustab le  
ra d ia l d istan ce  o f  the input and re ce iv in g  horns from 
10 to 75 cm. He was thus able to  in v e s t ig a te  the 
importance o f  working beyond the Rayleigh D istan ce, a t  
45 cm. rad iu s, in  the fa r  f i e ld  zone. Using the
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spectrom eter a t 10, 3S and 63 cm. r a d ii ,  graphs were 
drawn fo r  perpendicular and p a r a lle l p o la r iza tio n s to show 
the d ir e c t  response o f the horns over an angle o f  6 0 ° .
A p a r a lle l p la te  system has the advantage th a t the  
sca tter in g  e f f e c t s  o f  a l l  o b jec ts  o u ts id e  the system can be 
com pletely e lim in ated . This i s  p a r ticu la r ly  d esirab le  in  
these experiments which are concerned with the measurements 
o f the t o ta l  sca ttered  powers. In th is  work, the  
spectrom eter i s  designed as a microwave instrument working 
at any spot frequency between 22 and 26 G c/sec . and 
characterized  by i t s  f ix e d  input horn and variab le  p o sitio n  
r e c e iv e r .
The fo llo w in g  important con sid era tion s are taken in to  
account in  d esign in g  the spectrom eter;-
( i )  The p la te s  must be spaced so th at there  
i s  on ly one mode o f  operation  w ith in  the 
spectrom eter. In order to obtain  the  
dominant Transverse Electrom agnetic 
mode o f  op eration , the p la te s  must be 
l e s s  than h a lf  a wavelength apart.
( i i )  The apparatus must be large  compared 
w ith the free -sp a ce  wavelength, 
although remaining a manageable s iz e  
fo r  con stru ction  and u se . The large  
d is ta n c es , compared with a wavelength,
-  26 -
PLATE I. THE PARALLEL PLATE SPECTROMETER.
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are required in  order th a t the centre  
o f  the spectrom eter i s  as far  as p o ssib le  
in  the Fraunhofer region  o f  the 
microwave horns,
( i i i )  The wavelength must be o f  such a s iz e  
th a t extra  microwave components, in  
p a rticu la r  the horns, may be made w ith  
the necessary accuracy and w ithout 
ex cess iv e  c o s t .  Furthermore, i f  the 
wavelength i s  too sh ort, then any small 
v a r ia tio n  in  the separation  o f  the p la te s  
w il l  have an appreciable e f f e c t  on the 
waves and may s e t  up higher order 
evanescent modes,
2 ( i i )  The C onstruction o f  the Spectrometer
The spectrom eter i s  shown in  use in  P late 1 , A 
diagrammatical rep resen ta tion  o f  the spectrom eter and the 
associated equipment i s  shown i s  Figure 5* For a K-band 
system w ith a centre frequency o f  24 G c /sec ., a 
spectrom eter o f  4  f e e t  diameter has a radius o f  about 
50 w avelengths. For a s in g le  mode o f  op eration , the 
p la te s  must be spaced l e s s  than 0,25" apart.
The p a r a lle l p la te s  forming the transm ission  l in e  
were cut from sh eets o f  4  fo o t square, 16  gauge aluminium. 
Aluminium was the most e a s ily  obtained m a ter ia l, having
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good e le c t r ic a l  co n d u ctiv ity . The valu es o f  the
e le c t r ic a l  con d u ctiv ity  o f  p o ssib le  m ateria ls were
7 7Copper 5 .3  x 10 mhos/m., Aluminium 3»5 x 10 mhos/m. and
n
Brass 1 ,5  x 10 mhos/m. Any e f f e c t  o f  the power lo s s  
from a tran sm ittin g  wave would not be reso lved  from the  
measurements s in ce  the microwave power always traversed  a 
d istan ce equal to the diameter o f the spectrom eter.
A h o le  was cut in  the centre o f  the aluminium
sh e e ts . This was used as a p ivot point for  the cu ttin g
to o l ,  which co n sis ted  o f  a f in e  ground la th e  to o l attached  
to the end o f  a r ig id  arm and p iv o t. The cu ttin g  to o l  
was se t  w ith i t s  inner edge a t the required radius o f  the  
c irc u la r  p la te . By ro ta tin g  the arm and applying pressure 
to the t o o l ,  the m etal was gouged away g iv in g  a clean cut 
edge. The upper p la te  was cut w ith a radius o f  le s s  
than the radius o f  the lower p la te . This allowed for  
greater con tro l in  the p o sitio n in g  o f  the p a r a lle l  p la te s ,  
the horns and the segments o f  lo s s y  m ateria l which a lso  
acted as the spacers between the two p la te s .
The i f* h o les  in  the centre o f  the p la te s  were a lso  
the correct s iz e  to accommodate the guide d r i l l  o f  a ch a ssis  
c u tte r . The saw was unscrewed from a l^ fT ch a ssis  cu tter  
which was turned down on the la th e  u n t i l ,  by t r ia l  on a 
scrap p iece  o f  aluminium, the assembled u n it  cut a hole  
which was ju s t  large  enough to take a d ischarge tube. The 
hole had a diameter o f  1 . 490”.
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To make the m etal p la te s  firm er and e a s ie r  to handle, 
they were backed by th ick  plywood sh e e ts . The plywood 
was sawn and planed to be Jrf sm aller in  diameter than the 
metal p la te  to be supported. A 2” hole was cut in  the 
centre o f  each sh eet to  allow  the d ischarge tube to pass 
fr e e ly  through. The plywood backing was attached to the 
m etal p la te s  u sin g  a mixture o f  an epoxy r e s in , A ra ld ite , 
and hardener. The A ra ld ite  was allowed to  harden under 
the pressure o f  numerous heavy w eights d istr ib u ted  
uniformly on the p la te  to m aintain a good contact between 
the metal and the wood. I t  was e s s e n t ia l  a t  th is  stage  
to prevent any bad con tacts or sm all bucklings in  the  
p la te s .
Three brackets were fastened  to the plywood backing 
o f  the upper p la te  halfway along the r a d ii a t 120° in te r v a ls .  
These brackets were attached both for  l i f t i n g  and a lso  for  
p a r tia l support o f  the upper p la te  when the apparatus was 
in  u se . Further support fo r  the upper p la te  was given  by 
the Sindanyo spacers around the circum ference.
When a wave, t r a v e l l in g  through a p a r a lle l p la te  
region , reached the term ination o f  the p la te s , i t  saw a 
d isco n tin u ity  in  the impedance o f  the l in e  and was 
p a r t ia lly  r e f le c te d .
For an in f in i t e  wave tr a v e ll in g  in  a p a r a lle l p la te  
region , the eq u ivalen t c ir c u it  i s  shown in  Figure 6 ^ ^ .
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Figure 7 g iv e s  the values fo r  the normalized susceptance 
and conductance, depending on the p a r a lle l p la te  dimensions.
For the system here, the normalized values were 
g * 0 .9 9  and b = 0 .4 2 . When p lo tted  on a Smith chart, the 
V.S.W.R. was 1 .5 2 , equ ivalent to a k\% r e f le c t io n  o f  the  
in c id en t power.
For a f in i t e  p a r a lle l  p la te  system , the admittance 
would be m odified both by the f i n i t e  in c id en t wave and by 
the curvature o f the edge o f  the p la te s .
The id e a liz e d  case would however g ive  the order o f  
the r e f le c t io n  o f  power. As i t  was d i f f i c u l t  to determine 
the nature o f  the r e f le c te d  wave from every point around 
the p la te s , i t  was more convenient to  absorb a l l  the power 
in c id en t upon the term ination o f  the sec tio n s  o f  the  
transm ission  l in e  th a t were not in  u se .
Therefore, the reg ion s on the circum ference, in  which 
there were no measurements being taken, were f i l l e d  with  
a lo s s y  m a ter ia l. I t  was e sp e c ia lly  important to have 
w ell matched lo s s y  se c tio n s  in  the region d ir e c t ly  opposite  
the input horn o f the spectrom eter, as i t  was in  t h is  
region  that there was maximum in cid en t power at the  
circum ference. The absorbing segments had l e s s  e f f e c t  
near the rece iv er  and could be l e f t  out over some 40° ,  
w ithout s ig n if ic a n t ly  a lte r in g  the output power from the  
r e c e iv e r .
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The p a r a lle l p la te  term inating se c tio n s  were cut
Ol "from a -714, Sindanyo sh ee t, a hard a sb esto s , using the 
metal p la te  cu ttin g  t o o l .  By u sin g  the 3/i*> m a ter ia l, the 
term inating se c tio n s  could a lso  be used as spacers between 
the two p la te s , being le s s  than the h a lf  wavelength 
spacing required to ensure only one mode o f  microwave 
propagation. The th ick n ess o f  the sheet was a lso  0 .0 1 7 ” 
greater than the 0 .1 7 0 ” inner dimension o f  the K-band 
waveguide.
Sindanyo was found, from a waveguide experiment, to  
give an attenu ation  o f  2 .7  dB/cm. a t  24 G c /sec ., as shown 
in  Figure 9« This value o f  a ttenuation  was determined by 
measuring the power transm itted  through a sample. The 
sample, which f i l l e d  the waveguide, was formed with two 
tapered se c t io n s  to  reduce the lo s s  by r e f le c t io n  and with  
a v a ria b le  length  o f  the f u l l  c r o s s -se c t io n , Figure S.
The Sindanyo sheet was cut u sin g  the same technique as 
fo r  the m etal p la te s . The outer face was cut square, 
w h ils t  th e  fron t face was tapered over 2” . This 
represented  a taper in  the E plane over 4 wavelengths fo r  
a normally in c id en t wave a t 24 G c/sec. and should g iv e  a 
good match over the en tire  range o f  frequencies to  be 
encountered. The d istan ce between the square-cut face  
and the beginning o f  the taper was 3", enough to g iv e  a t  
le a s t  40 dB. attenu ation  o f  any power r e f le c te d  from the 
rear fa c e .
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A ll frequency s e n s it iv e  components designed fo r  the 
apparatus were ca lcu la ted  fo r  maximum e f f ic ie n c y  a t the  
mid-band frequency o f  the K-band k ly stro n , operating from 
22 -  26 Gc/sec*
Two benches, b o lted  back to back, provided the 
foundation fo r  the stru cture which supported the 
spectrom eter. A Handy Angle framework was used to  support 
the spectrom eter about 6 ” above the bench. The clearance  
was necessary to a llow  connections to be made to the 
discharge tube on the lower 3id e  o f  the apparatus. Above 
the p a r a lle l  p la te s  there was a bridging structure which 
was b o lted  to the supporting framework. The bridge 
supported the three wire cab les which were attached 120°  
apart to  the plywood backing o f  the upper p la te . On the 
bridge the three cab les were attached to  a block o f  metal 
which could be pulled  back and locked to the bridge to  
g ive  a clearance o f  about 18” between the two p a r a lle l  
p la te s . This f a c i l i t y  was found u se fu l during the 
experim ents, e s p e c ia lly  when clean ing  the p la te s  or  
ad ju stin g  a p iece  o f  metal f o i l  over the cen tra l h o le s .
When the p a r a lle l p la te s  were in  th e ir  operational 
p o s it io n , the three cab les could be in d iv id u a lly  adjusted  
to g ive the necessary support o f  the weight o f  the top  
p la te  and to keep the spacing between the p la te s  constant.
-  3* -
p l a t e  z . t h e  i n p u t  h o r n .
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2 ( i i i )  The Microwave Horns
The p a r a lle l p la te  transm ission  l in e  was fed from an 
H-plane s e c to r ia l  h om ^ ^ ^ . The b est compromise between 
two important fa c to r s  had to be obtained in  the design  o f  
the horn. F ir s t ly ,  the aperture o f  the horn must be 
la rg e  enough to g iv e  a w ell defined  and narrow beam, 
although, secondly , remaining sm all enough so that the 
discharge tube a t the centre o f  the apparatus was in  the  
far  f i e ld  zone o f  the horn.
The fa r  f i e ld  zone o f  any rad ia tin g  system i s  the 
region  in  which the extreme phase d ifferen ce  o f  the  
components o f  the wave i s  l e s s  than gX. For a phase 
corrected  s e c to r ia l  horn the n earest point o f  the far  
f i e ld  zone is  the R ayleigh d ista n ce , d -  a /X  w avelengths, 
where fa f i s  the aperture o f  the horn in  w avelengths.
With the choice o f  a 10 wavelength aperture horn, 
the centre o f  the spectrom eter was positioned  a t on e-h a lf  
o f  the Rayleigh d is ta n c e . I t  was considered necessary to  
lo s e  some o f  the accuracy in  the pureness o f  the main lobe  
o f  the beam, in  order to obtain  a beam with b e tte r  
d ir e c t iv i ty  and le s s  power in  the sid e  lo b e s .
The horn was made with to ta l  f la r e  angle o f  30°
(P la te  2 ) .  The s id e  members o f  the horn were machined to  
0 .1 7 0 ”, to bring them flu sh  w ith the inner dimension o f  the  
narrow face  o f  the waveguide. They were f i t t e d  together
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with the top and bottom se c tio n s  and soldered in to  a
waveguide flan ge to form the throat o f  the horn* Two
brass p la te s  were screwed to the s id e  w a lls  forming the
broad fa ces  o f  the horn. These p la te s  did not extend the
f u l l  length  o f  the horn* The f in a l  l i"  a t the mouth o f
the horn was covered with brass f o i l  in  order that the
horn would f i t  between the spectrometer p lates* The f o i l
was clamped between the top p la te s  and the sid e members,
w h ils t  over the mouth o f the horn i t  was held  in  place
with a th in  smear o f s i l ic o n e  grease* This kept the
f o i l  f l a t  and stuck to  the lens*
In order to g iv e  the b est w ell defined beam from a
given aperture horn, the horn was phase corrected with a
plano-convex le n s .  The le n s  was shaped from polystyrene,
a low lo s s  m ateria l w ith a r e la t iv e  d ie le c tr ic  constant o f
2.56 and r e fr a c t iv e  index 1.6* The tangent o f  the lo s s
( 31 )angle fo r  the polystyrene was 0.0012 a t 25 G c/sec . *
The p r o f ile  o f the microwave horn len s  was obtained  
in  the fo llow in g  manner.
Figure 10 shows the geometry o f  a cy lin d r ica l len s  
placed a t the mouth o f  the horn. I t  i s  ca lled  a one 
surface le n s  sin ce  the emerging microwave power i s  normal 
to the second su rface .
The m ateria l o f  the le n s  has a r e fr a c t iv e  index n 
(d ie le c tr ic  constant n^). In  order that there i s  an
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equiphase surface along PQ, the o p tic a l paths FABP and 
FCDQ must be equal*
T herefore,
FA + n.AB * FC + n,CD . .* .* (2 .1 )
or r  -  f  + n.CE  (2 .2 )
Considering the physical len g th s o f  the tr ia n g le  FAEf i t  
i s  seen th a t
FA2 = AE2 + FE2  (2 .3 )
Therefore
( f  + n.CE) 2 = x2 + ( f  + CE) 2  (2 .4 )
This equation g iv e s  a quadratic in  terms o f  CE and i s  
solved  to g ive  one p o s it iv e  ro o t.
Thence y a t  -  CE  (2 .5 )
g iv e s  the th ick n ess o f  the le n s  at a d istance x from the 
a x is .
2 ( iv )  The Preparation o f  the Lens
The horn le n s  was machined from a sheet o f  polystyrene. 
The sheet was turned down u n t i l  i t  was 0 .170n th ick , the 
sm aller dimension o f  the aperture o f the hornc The front 
face o f  the le n s  was cut f l a t  and at r ig h t angles to the 
p a r a lle l machined s id e s .  At in te r v a ls  o f two m illim eters  
fin e  l in e s  were scribed  on the polystyrene surface at
-  41 -
r ig h t angles to  the fron t fa ce . One l in e  was chosen as 
the a x is  o f  the le n s , with the others spaced symmetrically 
on each sid e  o f  t h is  a x is . The th ickn ess o f  the len s  at  
each point was ca lcu la ted  from equation ( 2 .5 ) .  The le n s  
was clamped and c a r e fu lly  f i le d  u n t i l  the th ickness at 
each point measured the same as the ca lcu la ted  va lu e. I f  
great care was taken, symmetrical le n se s  could be formed 
with a smooth f in i s h .
In ad d ition  to the ca lcu la ted  th ickness o f  the le n s , 
an extra  th ick n ess uniform across the aperture o f the len s  
was added. At the edges o f  the le n s , two id e n tic a l f l a t s  
were cu t, p a r a lle l to  the fron t face o f the le n s , to f i t  
f lu sh  aga in st the ends o f  the sid e  se c tio n s  o f the horn. 
The le n s  was held  in  p o s it io n  by two 10B.A. screw s. In 
order to  obtain  maximum e ff ic ie n c y  from the rad iatin g  
system, inrun- ■nec-WHory th-ast  the front face o f  the len s
should be bloomed. For a microwave le n s , blooming could 
be obtained by reducing the e f f e c t iv e  d ie le c tr ic  constant 
o f the fa c e . This required the accurate cu ttin g  away o f  
narrow regu lar s l o t s .  Because o f the poor machining 
p roperties o f  p olystyrene, the f i r s t  le n se s  were l e f t  
w ithout t h is  ad d ition a l matching. As shown la t e r , the 
rad ia tion a l performance o f  these le n se s  was sa tis fa c to r y  
and did not warrant the extra m od ifica tion s, which might 
have reduced the power in  the sid e  lob es associa ted  with
-  42 -
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the power sca ttered  from the curved face o f the lens*
The sm all f ix in g  screws might a lso  have s l ig h t ly  d istorted  
the f i e ld  pattern and caused some increase in  the in te n s ity  
o f  the s id e  lobes*
The complete horn assembly f i t t e d  between the p a ra lle l 
p la te s  o f  the spectrom eter and was in  contact with both 
p la te s . Because o f  the c ircu la r  symmetry o f the apparatus, 
i t  was not necessary for  the input horn to be moved from i t s  
i n i t i a l  p o s it io n . Therefore, a second piece o f  f o i l  was 
used to g iv e  a good contact between the input horn and the 
p la te s , so that the output c h a r a c te r is tic s  o f  the horn would 
not be a ltered  by the movement o f the other sectio n s  o f the 
apparatus.
In the i n i t i a l  experim ents, an id e n tic a l horn was used 
as a r e c e iv e r . In  theory, th is  would provide greater  
d ir e c t iv i ty  and thereby reduce the amount o f  power received  
d ir e c t ly  from the input horn and associa ted  with the side  
lo b e s . However, because o f  i t s  large aperture 
(ID w avelength s), the horn was able to rece ive power over an 
angle o f  about 12°. The rece iver  was therefore very 
in s e n s it iv e  to sudden large  changes in  power which could 
occur at d if fe r e n t  phases* The Figures 12 and 11 show 
the response o f  both open-ended waveguide and horn 
rece iv ers  across the main beam o f  the g la ss  tube* The 
open-ended waveguide rece iv er  subtended one degree o f  arc
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and would g iv e  f a ir ly  accurate measurement o f  the r e la t iv e  
powers across the beam. On the other hand, the horn 
rece iv er  response was a complicated function  o f  phase and 
amplitude d is tr ib u tio n  across twelve degrees o f  arc.
2(v) The Open-Ended Waveguide Receiver
A diagram o f  the open-ended waveguide rece iver  i s  
shown in  Figure 1 3 . The w alls o f  the broad face o f  the 
waveguide were each m illed  down to about 0 .0 1 " for a 
length  o f  l i " .  The waveguide could now f i t  between the 
spectrom eter p la te s . A framework was b u il t  onto the 
waveguide, together with two lo c a tin g  s t r ip s .  When the 
rece iv er  was co rrec tly  lo ca te d , these s tr ip s  f i t t e d  flu sh  
aga in st the upper p a r a lle l p la te . Power wa3 received  
over one degree o f arc . The percentage o f the power that 
was in c id en t on the open end o f the waveguide and which 
passed through to the d etector  was constant for a l l  
angular p o s it io n s  o f  the rece iv er  on the spectrom eter.
The impedance change o f  the junction  was o f  the same value 
for  each angular p o s itio n  on the spectrom eter, because 
there was no change o f  dimensions at the junction .
The main disadvantage o f  the open-ended waveguide 
rece iv er  was i t s  poor d ir e c t iv i t y ,  causing i t  to rece ive  
the s id e  lob e power o f  the input horn.
2 (v i)  The Response o f  the Inrut Horn
As i t  was seen e a r lie r ,  i t  was d esirab le  that the
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input horn should g ive uniform power across the discharge 
tube a t the centre o f  the spectrometer w h ilst having the 
minimum o f  power in  the sid e lob 63 o f  the response. In 
order to a scerta in  the horn’ s performance with respect to  
the above c r i t e r ia ,  i t s  response curve was p lo tted  for  
three freq u en cies; the design frequency o f  the horn 
(24 G c /s e c .) ,  and the extreme frequencies o f  the k lystron  
range (22 and 26 G c /s e c ,) .
Because o f the reasons sta ted  in  sec tio n  2 ( iv ) ,  an 
open-ended waveguide rece iv er  wa3 used to p lo t the 
response o f  the horn, to g iv e  the b est representation  o f  
the amplitude o f the power across the beam.
Across the cen tra l h o les  in  the p a r a lle l metal p la te s  
were placed ten  centim etre diameter c ir c le s  o f  th in  
aluminium f o i l .  The f o i l  was held  in  p lace by a th in  
smear o f  s i l ic o n e  grease, and smoothed out so that there  
were no ir r e g u la r it ie s  e ith e r  in  the f o i l  or a t the edges. 
This was o f great importance s in ce  th ese  cen tra l h o les were 
s itu a ted  a t a point o f maximum f i e ld  in te n s ity .  The 
k lystron  was not modulated, the cr y sta l d etector  current 
being fed  d ir e c t ly  to a galvanometer. There was always 
s u f f ic ie n t  a ttenu ation  in  the main waveguide so that the 
cr y sta l was operating in  i t s  square law response reg ion . 
Readings were taken at in te r v a ls  o f a degree from 145 to 
195° ,  g iv in g  in  d e ta i l  the main beam and the f i r s t  side
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lobe o f  the transm itted power from the rad iatin g  horn*
The magnitudes and the angles o f  the other sid e  lobes were 
a lso  noted although these were not p lo tted  out in  d eta il*
There was no account taken o f the d ir e c t iv ity  o f the 
waveguide re c e iv er  beam in  Figure 14* Assuming a 
d ir e c t iv ity  o f  the rece iv er  with the same response as for  
ra d ia tin g  in to  free  space, a correction  would be le s s  than 
JdB. a t  150°* When a correction  was made, the e f f e c t  o f  
the rece iv er  d ir e c t iv ity  tended to improve the amplitude 
d is tr ib u t io n  o f  the power in  the main beam, and to make the 
s id e  lobe powers g rea ter .
The beam response o f  the horn at the design frequency 
was p lo tted  on the same graph as the th e o re tic a l curve for  
the response from a ten  wavelength aperture, cosine  
tapered illu m in a tio n  horn. The general fea tu res o f  the 
experim ental curve, in  p articu lar  the power v a r ia tio n  with  
angular p o sitio n  for the main beam, agreed c lo se ly  to  the 
ca lcu la ted  values in  the far f i e ld  reg ion . The f i r s t  
s id e  lobe was 22.5 dB. down on the power in  the main beam, 
w ith the power in  the higher order sid e  lobes being at a 
s l ig h t ly  lower power le v e l .  These higher order lobes did  
not d ie  away nearly as quickly as the corresponding
th e o r e t ic a l v a lu es.
I t  was seen th a t , a t 24 G c/sec. the approximate 
o v e r a ll power v a r ia tio n  across a discharge tube situ ated
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a t  the centre o f  the spectrometer was le s s  than ^0.5 dB,
At 22 and 26 G c /sec ., Figure 16, the power in  the sid e  
lo b es was 3*0 da, greater than a t the mid-band frequency for  
a corresponding power le v e l  in  the main beam. At these  
frequencies the power v a r ia tio n  across the discharge tube 
was b e tte r  than 0*6  dB.
2 ( v i i )  The Microwave Bench (P la te  3)
A schematic diagram o f  the microwave bench i s  shown 
in  Figure 17* An K-band k lystron  provided a
maximum o f  100 m illiw a tts  o f  power over the frequency 
range from 22 to 26 G c/sec. The k lystron  was run from a 
2,000 v o lt  E l l io t t  power supply drawing a current o f  
8 m illiam pere3 . The k lystron  current was con tro lled  by 
the grid  vo lta g e  and was tuned fo r  maximum power by varying 
the r e f le c to r  v o lta g e .
The F,X,R. is o la to r  had a small in se r tio n  lo s s  in  the 
forward d irec tio n  and an is o la t io n  fo r  the reverse d irection  
grea ter  than 20 dB, over the frequency range o f  in te r e s t .
The is o la to r  prevented any change in  the output power or 
the frequency when the load on the waveguide was a ltered . 
This was o f  great importance as a l l  the ava ilab le  power 
was required to be fed  in to  the spectrom eter. In order 
to con tro l the power le v e l  radiated in to  the spectrometer 
and to  keep i t  constant, the is o la to r  was follow ed by a 
p rec is io n  ca lib ra ted  attenuator. The attenuator was used
-  54 -
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in  conjunction with the monitoring cry sta l d etector in  the 
s id e  arm o f  the 20 dB. d irec tio n a l coupler. The attenuator  
was gen era lly  s e t  to g ive  about 2 dB. attenuation , thus 
allow ing some la t itu d e  in  the co n tro llin g  o f  the power from 
the k ly stro n .
Between the d ire c tio n a l coupler and the input horn was 
a v a ria b le  probe matching u n it .  This was used to match 
out some o f  the complex r e f le c t io n s  from the various parts 
o f  the input horn and thereby allow  more power to be fed  
in to  the spectrom eter.
The c y lin d r ic a l ca v ity  wavemeter was e ith er  in  the 
m onitoring arm o r , as shown in  P late 3, in  the main 
waveguide.
The r e f le c te d  power from the input horn was measured 
e ith e r  by the standing wave d etecto r  or in  the sid e  arm o f  
the d ir e c t io n a l coupler in  a reversed p o s it io n . The 
apparatus, as shown in  P late 1 , was s e t  up to  measure the 
r e f le c te d  power during the matching procedure for the input 
horn.
2 ( v i i i )  The Discharge Tube C ircu it
The e le c t r ic a l  c ir c u it  for  the discharge tube was o f  
the form shown in  Figure IB. The plasma was formed in  a 
2 fo o t  20 watt commercial flu orescen t l ig h t ,  manufactured 
by A tla s . Each e lectrod e o f  the discharge tube was 
formed as a sm all heater c o i l ,  the two ends being brought
-  57 -
out to a b i-p in  connection* The tubes that were used
were 1*485" -  0*005" diam eter. As the discharge tubes
were to be grea tly  over-run compared with th e ir  normal
usage, the two ends o f  each heater c o i l  were strapped
to g eth er . In general, when a high current passed through
the tu b es, a sm all spot on each electrod e quickly became
w hite h o t. Before long the heating c o i l  broke away from
i t s  supporting wires* With the two ends strapped together,
the supporting w ires would s t i l l  g ive a u se fu l e lectrode
l i f e  a f te r  the breaking o f  the filam ent and before the tube
f in a l ly  died* The v o ltage  current c h a r a c te r is t ic s  o f  the
(32)d ischarge tube are shown in  Figure 19.
When the discharge tube had struck , i t  acted as a non­
lin e a r  r e s i s t iv e  d ev ice , and the plasma was maintained by 
about 80 v o lt s  across the tube. The discharge current was 
lim ited  by the s e r ie s  re s is ta n ce  o f the c ir c u it  which dropped 
the excess v o lta g e . In order to obtain  the necessary  
e lectro n  d en sity  for  plasma resonance phenomena at 24 G c /sec ., 
i t  was expected that a current o f  4 -5  amperes would be 
required* This current was derived from fig u r es  quoted for  
a sim ila r  tube by Foulds^21  ^ and from the assumption that  
the e lectro n  d en sity  in  the discharge was proportional to  
the current* Because the thermal capacity o f  the 
e lec tro d es  in  the tube was small and the structure o f  the 
system such th a t the heat could not be e a s ily  and quickly
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ex tracted , the discharge could only be maintained at the 
required currents fo r  a short period o f time (c . \  seco n d .).
Three methods o f  obtain ing the current were tr ied
( i )  d ischarging a lumped component delay  
l in e  through the tube to  g ive  a 
variab le f l a t  topped current p u lse ,
Figure 20;
( i i )  running the tube from an ava ilab le  
100 v o lt  d .c .  mains supply; or  
( i i i )  running the tube from the a .c .  mains 
supply.
The f i r s t  method su ffered  from severa l d isadvantages. 
Because the in d u ctive  components required in  the delay  
l in e  were o f  the order o f  100 m .Henries, they were 
asso c ia ted  with f i n i t e  r e s i s t iv e  lo s s e s .  I t  had been seen  
that the tube acted as a variab le  impedance. This made 
the matching o f  the delay l in e  to the load im possib le, 
r e su lt in g  in  the lo s s  o f  d e f in it io n  in  the square wave 
current pulse with sharp r i s e  and f a l l  tim es.
The delay l in e  was discharged through a high power 
thyratron, e ith er  upon tr ig g er in g  or by self-ru n n in g  when 
the vo ltage  had r isen  to the s tr ik in g  va lu e.
The 100 v o lt  d .c .  supply for  the second method had 
an 80$ r ip p le  a t 100 c / s .  W hilst th is  r ip p le  could be 
smoothed using L.C. components, the vo ltage was n eith er
-  62 -
s ta b il iz e d  nor high enough for working with a su ita b le  
s e r ie s  r e s is ta n ce  to lim it  the current through the tube*
The vo ltage  varied by as much as £ 10$.
The experimental r e s u lts  were mainly taken with an 
a lter n a tin g  current passing through the tube. The peak 
vo lta g e  was s u f f ic ie n t  to s tr ik e  the discharge tube although  
o cca s io n a lly  the s tr ik in g  was aided by the r . f .  f ie ld  from 
a T esla  co il*  In order that a m onitoring p o ten tia l could 
be applied  from the current to the o sc illo sc o p e , one sid e  
o f  the a.c* mains had to be a t earth poten tia l*  Therefore 
the tube was run between the ’liv e*  and ’ earth 1 term inals  
o f  the mains* The p o te n tia l across a standard 1 ohm 
r e s is ta n c e  in  s e r ie s  with the discharge tube was applied to  
the X p la te s  o f  the o sc illo sc o p e  to g ive a lin e a r  measure 
o f  the current on the screen*
The current through the discharge tube was con tro lled  
by 2 ,000 , 300 and 25 ohm se r ie s  rheostats* I t  was found 
th a t the tube always remained struck throughout the c y c le .  
This i s  shown in  Figure 21. This Figure shows that the 
X and Y a m p lifiers  o f  the o sc illo sc o p e  and the associa ted  
pream p lifiers have a lin e a r  operation over the range o f  
in te re st*  Xt i s  a lso  seen that near the point o f  zero 
instantaneous current the l in e  i s  continuous. Had the 
discharge tube stopped conducting, there would have been a 
sudden break in  the vo ltage/cu rren t c h a r a c te r is t ic s .
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Even a t low v o lta g es , a current would pass through 
the discharge tube because, with a ltern a tin g  currents, there  
i s  always a delay in  the recombination o f ion s and electron s  
on decreasing current sec tio n s o f  the cy c le .
The tube was kept running a t 100-200 m illiam ps. This
kept the e lectro d es warm and allowed sudden currents to  be 
drawn from them without immediate seriou s damage. For the 
shorter periods o f h igher currents, part o f  the se r ie s  
re s is ta n c e  was manually switched o u t. In th is  manner, 
severa l hundred h alf-second  exposures could be taken fo r  a 
5 amperes peak discharge tube current.
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CHAPTER III  
INTEGRATED POWER MEASUREMENTS
3 ( i ) Introduction
In order to determine the manner in  which the 
microwave power absorption varied with the e lectron  density  
w ith in  the plasma, the microwave power was beamed onto the 
plasma in  the discharge tube. Some o f the microwave power 
missed the discharge tube and was unaffected  by the presence 
o f  the plasma. Some was sca ttered  by the plasma and the 
g la ss  tube, w h ils t  some could escape through the plasma and 
out o f  the system . A ll these forms o f  power were measured
or ca lcu la ted  to g ive  an in tegrated  power measurement.
( 21)From previous work ' on resonant ca v ity  measurements 
o f  the r e la t iv e  p erm ittiv ity  o f  a d irec t current discharge, 
there was found to  be a greater lo s s  o f  power w ithin  the 
ca v ity  a t cer ta in  currents, dependent on the resonant 
frequency. As the resonant frequency o f  the cav ity  
in creased , the lo s s  o f  power occurred at greater discharge 
currents which formed higher e lectron  d e n s it ie s  w ithin  the 
discharge. This lo s s  was in  addition  to th at expected  
from normal c o l l is io n  processes and was determined from the 
Q fa c to r  o f the cavity  system.
An explanation based on the e lectron  o s c i l la t io n
( 2 )
phenomena, f i r s t  suggested by Langjnuir and Tonks was
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compatible with the q u a lita tiv e  r e su lts  o f  the experiment. 
Natural o s c i l la t io n s  o f the e lectro n s were expected when 
the cond ition
Nezp = ZTm ’ was s a t is f ie d .cc m
The r e la t iv e  p erm ittiv ity  o f  the plasma became zero 
when the microwave frequency s a t is f ie d  the above equation. 
Under these co n d itio n s, the natural e lectron  o s c i l la t io n  
frequency was id e n tic a l to the frequency o f  the in cid en t  
electrom agnetic waves. The amplitude o f  an e lectron  
o s c i l la t io n  increased  as the e lectron  extracted  energy 
from the electrom agnetic f i e ld .  The e lectro n  o s c i l la t io n s  
in  the absence o f magnetic f ie ld s  were in  the same d irectio n  
as the e le c t r ic  vector o f  the microwaves. The in tera c tio n  
o f  the o s c i l la t in g  e lec tro n s with the magnetic f ie ld s  o f  the 
microwaves would only be a small e f f e c t .
When the e lec tro n s were in  c o l l i s io n  with other  
p a r t ic le s  w ithin  the plasma, or a t the containing w a lls , 
the ordered r . f .  energy was d iss ip a ted  as random k in e tic  
energy, r e su ltin g  in  a net power lo s s  from the microwave 
system . Now, i f  the e lectron  d ensity  throughout the 
discharge tube was constant, then there would be a large  
absorption o f  power in  th is  manner at a spot current fo r  
any given frequency. Due, however, to the inhomogeneous 
e lectro n  d en sity , the absorption was spread over a range 
o f  cu rren ts.
-  66 -
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3 ( i i )  The F e a s ib il ity  o f Certain Microwave Systems
The above phenomena o f the varia tion  o f the lo s s  o f  
power with discharge current led  to the main part o f the 
experiment which i s  to be described . The ch ie f  requirement 
was to perform the experiment in  a closed  system, rather 
than in  free  space. For in tegrated  power measurements, 
a c losed  system was d esirab le  to g ive greater control over 
unwanted e f f e c t s ,  e .g .  the r e f le c t io n s  o f  power from 
external o b je c ts .
The three p o ssib le  systems were:-
( i )  a ca v ity  system;
( i i )  a waveguide system; or
( i i i )  an enclosed p a r a lle l p la te  system.
Method ( i )  has been used as has been shown above, 
w h ils t  method ( i i )  has been the means o f several 
in v e s t ig a t io n s  in to  the behaviour o f  plasma a t microwave 
f r e q u e n c i e s ^ . The th ird  system was chosen so that a
new and more o r ig in a l approach could be taken on the
✓
su b jec t.
The discharge tube was placed with i t s  a x is  perpendicular 
through the centre o f  the p a r a lle l p la tes  o f  a K-band 
spectrometer* The design  and construction  o f  the
f
spectrom eter has been given in  Chapter I I .
The fundamental b a sis  o f the experiment was the 
measurement o f  the power scattered  from the discharge tube
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a t a l l  angles in  order to determine the to ta l power in  the 
system, fo r  a given current through the discharge tube.
By measuring the to ta l power at d iffer en t discharge 
currents, the varia tion  o f the absorbed microwave power 
with the current could be determined.
3 ( i i i )  Discharge Tube Currents
There were three a lter n a tiv e  methods o f  measurement 
o f the power fo r  varying discharge currents.
( i )  A d ire c t  current flowed through the
discharge tube and the sca ttered  power 
was measured with a cr y sta l detector  
and a galvanometer.
( i i )  The d ir e c t  current flow ing through the 
discharge tube was modulated with a 
small a lte r n a tin g  current. The cry sta l 
d etector  current was displayed on an 
o s c il lo s c o p e .
( i i i )  An a ltern a tin g  current flowed through the 
discharge tube with th e 'c r y s ta l d etector  
current d isp layed on an o sc illo sc o p e .
There were three disadvantages associa ted  w ith the 
f i r s t  method. F ir s t ly , the current in  the discharge tube 
had to be kept constant throughout the experiment, secondly, 
the input power to the spectrometer had to be maintained at 
a given le v e l  for the measurements at a l l  tube currents, and
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th ir d ly , the time spent making the necessary readings, 
about 250, fo r  each current was e x c e ss iv e . For s im ila r  
reasons the second method was, in  p ra ctice , l i t t l e  b e tte r  
than the f i r s t .
The th ird  method was considered to be the most su ita b le  
for  the experim ent. The microwave power was square wave 
modulated at about 4*5 k c /se c . The m aintaining vo ltage  to  
the d ischarge tube was taken from the 50 c / s e c .  mains.
Thus the discharge tube current was swept 50 tim es a second 
in  each d ir e c t io n . A sm all vo ltage across a standard 
r e s is ta n c e , proportional to  the current, was applied to the 
X p la te s  o f  an o s c i l lo s c o p e . To measure the microwave
power a t any point in  the apparatus, the output from a
✓
c r y sta l d e tec to r  was am plified  and d isp layed  on the Y p la te s .  
With the microwave power square wave modulated at 4 .5  k c /se c .,  
i t  was p o ssib le  to see on the o sc illo sc o p e  the zero le v e l  
o f power as w ell as the received  power.
A high r a t io  o f  the square wave modulation frequency 
to  the d ischarge tube current frequency was d esirab le  to  
g iv e  a c lea r  o sc illo sc o p e  tr a c e . In t h is  ca se , the r a tio  
was 9 0 :1 , g iv in g  90 pu lses o f  microwave power per cy c le  o f  
the discharge tube current. I t  wa3 a lso  advantageous to  
see th a t th is  r a tio  was not an exact in te g er  to u n ity .
I f  an o sc illo sc o p e  photograph was taken with a i  second 
exposure, i t  could appear a3 a s e r ie s  o f  unconnected short
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l in e s  corresponding to the synchronized pu lses o f  the 
microwave power with the discharge tube current * Figure 23.
3 (iv )  In tegrated  Power Measurements
The current flow ing through the discharge tube which 
was in  s e r ie s  w ith a pure re s is ta n ce  did not fo llow  an 
id e n tic a l waveform to the applied vo ltage across the tube 
(Figure 1 9 ). Thus, to d isp lay  a true current o f  the 
discharge, a sm all vo ltage across a s e r ie s  standard 
re sista n ce  was applied  to the X p la tes  o f  the o s c il lo s c o p e .  
Figure 21 shows th a t the h orizon ta l sweep on the o sc illo sc o p e  
has a lin e a r  correspondence to the discharge tube current.
The input power to the system was monitored u sin g  a 
cr y sta l d etector  term inating a branch arm o f  the waveguide 
assembly, and kept constant throughout the experiment. I t  
i s  worth noting th at any small v a r ia tio n  in  the input power 
w il l  a f fe c t  the readings for  a l l  the discharge tube currents 
in  a l ik e  manner, provided th a t the power le v e l  i s  not zero 
at any value o f  the current. The power v a r ia tio n  w il l  
therefore always cause a sm aller error in  the r e la t iv e  
t o ta l  power than that measured by the monitoring galvanometer. 
The input horn in to  the p a r a lle l p la te  transm ission lin e  was
adjusted and clamped to g ive  a symmetrical beam o f  power
✓
d irected  at the centre o f the system. An open-ended sectio n  
o f  waveguide was used as the rece iv er  in  the p a ra lle l p la te  
reg ion . The waveguide was mounted in  a carriage which,
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when in  contact with the edge o f the sm aller o f  the two 
p a r a lle l p la te s , ensured that the rece iv er  was always 
directed  towards the centre o f  the discharge tube.
Approximate measurements were made a t a l l  angles to 
determine the nature o f the r e su lts  th at were to be made; 
fo r  example, the magnitudes o f  the power to be expected, 
and the angular in te r v a ls  a t which measurements would have 
to  be taken in  order to g ive the necessary d e ta il  o f  the  
sca ttered  p attern . In general, i t  was necessary to  measure 
the power'at h a lf  degree in te r v a ls , although in  the reverse  
sca tter in g  d ire c tio n , measurements could be taken a t  
in te r v a ls  o f  a degree. I t  was because o f  the in terferen ce  
o f  the cross-coupled  power w ith the c e n tra lly  sca ttered  
power that readings had to be taken a t such small in te r v a ls  
in  order to g ive the d e ta i ls  o f  the in terferen ce  p attern ,
(See Figure 2 4 ).
From the i n i t i a l  experiments, i t  was seen th a t for  
currents above 5 amperes the received  microwave power 
varied only very slow ly , i f  a t a l l ,  w ith the discharge tube 
current, Figure 25, The current was th erefore s e t  so that  
the beginning o f th is  high current region was ju st included . 
Because the l i f e  o f  the discharge tube was not very long at 
high cu rren ts, i t  was necessary to keep the current to a 
minimum so th at the tube would la s t  throughout the experiment. 
The a ltern a tin g  current f in a l ly  chosen was 3 .5  amperes, g iv ing
-  73 -
a peak current o f  4 .9  amperes.
For each p o sit io n  o f  the rece iv er  a photograph o f  the 
o sc illo sc o p e  trace  was taken using a camera attachment for  
the o s c il lo s c o p e . The o sc illo sc o p e  trace  was photographed 
fo r  a quarter o f  a second, w h ilst  the g r a tic u le  was 
photographed for  a furth er two seconds to  be a v a ila b le  fo r  
use as a standard in  a l l  measurements* About every 20th  
frame was e ith er  l e f t  blank or s p o i lt  in  some known manner.
In t h is  way, the n egatives could e a s i ly  be matched up with  
the ta b le s  o f  frame numbers and angles a f te r  the development 
o f  the n eg a tiv es .
Each n egative was enlarged with a 35 mm. Fhotax Wimbome 
en larger, incorporating a 2" fo c a l length  f . 4 . 5  Wray len s  
to g ive  a m agnification  o f  7\ d iam eters. Fhotographic 
p rin ts  were not in  general made because o f (a) the large  
numbers in vo lved , (b) the s iz e  that would be required in  
order to make measurements, and (c) the d is to r t io n  that 
may occur in  developing and drying the p r in ts .
The trace on the negative was projected d ir e c t ly  onto 
graph paper fo r  immediate measurement. At quarter 
centim etre in te r v a ls  on the graph paper, measured from the 
centre o f  the tra ce , the height o f  the trace  corresponding  
to the received  microwave power was measured.
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DEFINITION
A h a lf  centim etre in te rv a l has been c a lled  a 
"UNIT OF CURRENT" and, as such, has been p lo tted  
on a l l  graphs* I t  must be s tre ssed  here that  
one "UNIT" i s  equ ivalent to a discharge tube 
current o f  0 .3 7 3  amperes.
The c r y s ta l which was used as the rece iv er  d etector
( 33 )was ca lib ra ted  over the required power range . For 
ca lib ra tio n  the cry sta l was incorporated in  a standing wave 
d etecto r  u n it .  The microwave bench was s e t  up to include  
k lystron , is o la to r ,  a ttenu ator, standing wave d etecto r  and 
short c ir c u it .  The standing wave pattern near the short 
c ir c u it  had an e le c t r ic  f ie ld  d is tr ib u tio n  along the  
centre o f the waveguide proportional to  s in  x . In  gen eral, 
th erefo re , the c r y s ta l output was measured for various  
p o sitio n s  along the standing wave pattern .
A p erfect cr y sta l i s  assumed to have a square law 
response, i . e . ,  the response i s  proportional to  the square 
o f  the e le c t r ic  f i e ld  or proportional to the in c id en t  
power. For a p erfect c r y s ta l a p lo t o f  the logarithm  o f  
the cr y sta l current aga in st lo g  s in (2 nd/x )^, where d i s  the  
d istance from an e le c t r ic  f i e ld  minimum, would g ive  a 
s tra ig h t l in e  with a slop e o f  2 . For the c r y s ta l used 
in  the experiment, the power law i s  shown by the slope o f
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Figure 28.
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The E lectron Density Hysteresis.
The a r r o w s  i n d i c a t e  t h e  d i r e c t i o n  o f  t h e  c u r r e n t .  Note t h a t
FOR A DECREASING CURRENT, THE ELECTRON DENSITY 15 GREATER 
THAN FOR THE SAME INCREASING CU RR EN T.
Figure 29.
Angle o f Open-Ended 
Waveguide R eceiver  
degrees
O scillo scop e  
Y -Piate A m plification  
V olts/cm .
185 -172* 2 .0
172|-167 5.0
166I-165J 2 , 0
164J-164 1 .0
1631 0 .5
163 -161J 0 . 2
161 -153 0 .5
157 -155 0 . 2
' 154J-152 0 .5
151 -147J 0 . 2
147 -  77 0 .5
76 -  70 0 . 2
6 9 - 6 0 0 .5
59 -  12 0 . 2
1 1 - 0 —
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Figure 26, The cr y sta l i s  seen to d ev ia te  from a square 
law response at higher powers. This Figure represents the 
reading from the c r y s ta l, w h ilst  there i s  a lso  shown the 
reading which should have been measured. Thus, by 
p rojectin g  downwards from the measured to the th e o r e t ic a l  
curves the correct power readings may be recorded. A 
further graph o f  the error to be deducted from the measured 
power was p lo tted  fo r  convenience, Figure 27.
From each projected trace the microwave power amplitude 
was determined at in te r v a ls  o f  h a lf  u n its  o f  current over a 
range o f 3 to 13 u n it s .  Since the current through the  
discharge tube was a ltern a tin g  a t 50 c / s e c . ,  for  a decreasing  
tube current the e lec tro n  d en sity  was greater than for the 
corresponding in creasin g  current, Figure 23. Thus the 
condition  was never reached when the e lec tro n  d en sity  became 
zero . There was a lso  the added.advantage that the discharge  
tube was never extinguished during the current c y c le . The 
microwave powers were a l l  converted to represent the number 
o f centim etres d e f le c t io n  a t 1 vo lt/cm . With the use o f  
Figure 27, the correct r e la t iv e  power values were tab u la ted .
Figure 29 shows the amplitude ranges used on the 
o sc illo sc o p e  in  order to obtain  the la r g e s t  p icture on the  
n egative .
For each value o f  the current in  the discharge tube, 
the corrected power was p lo tted  aga in st the angle o f  the
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The Measured Integrated Power from 15° to 180°
The  rela tive  po w er  sca le  c o r r e s p o n d s  t o  t h e  n u m b e r  o f  s q u a r e s
UNDER A POWER CURVE, (FIG U RE 3 o ) .
T h e  e r r o r  l i n e s  r e p r e s e n t  ± o s % e r r o r .
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r e c e iv e r . A smooth curve was drawn through the p o in ts, 
w ith extra care being taken in  the forward regions where 
there was marked in te r fer en ce .
The to ta l  power sca ttered  by the discharge tube fo r  
each current was ca lcu la ted  from the area under each graph. 
This was achieved by determining the number o f squares 
under the graph. Figure 30 shows the complete sca ttered  
power from the discharge tube a t 11 u n its  o f  current.
F in a lly , a graph o f the r e la t iv e  in tegrated  powers at  
24 G c/sec. was p lo tted  again st the range o f instantaneous  
discharge tube currents, Figure 31#
3(v) Sources o f  Error in  the Integrated  Power Measurements 
The p o ssib le  sources o f  error are to  be considered in  
the fo llow in g  c a s e s :-
( i )  the measurement o f  the power amplitude
from the projected tra ces  o f  the n egatives;  
( i i )  the drawing o f  the power curve and the
in teg ra tio n  o f  the power by the counting  
o f  the squares;
( i i i )  the ex trap olation  for  the power between 
0° and 15°;
( iv )  the lo s s  o f power along the discharge tube 
and through the cen tra l hole in  the 
p a ra lle l p la te s;
-  82 -
(v) any v a r ia tio n  o f  the k lystron  power output 
which has a 50 c / s e c .  r e p e tit io n  ra te;
(v i)  random v a ria tio n  o f  the power output o f  
the k lystron  during the experiment;
( v i i )  ir r e g u la r it ie s  in  the o sc illo sc o p e  and the  
assoc ia ted  a m p lifiers , e s p e c ia lly  
periodic errors a t 50 c / s e c .;
( v i i i )  errors due to the c r y s ta l ca lib ra tio n ;
( ix )  the symmetry o f the spectrom eter.
( i )  The flu o rescen t trace on the o sc illo sc o p e  had a f in i t e  
th ick n ess . This was kept to a minimum by carefu l 
focu ssin g  o f  the beam. The th ickn ess o f  the trace was 
a lso  a ffec ted  by the b r il l ia n c e  o f  the beam. I t  was, 
th erefo re , necessary to adopt a compromise between a 
bright beam fo r  a short exposure time and a fa in te r  beam 
for a sharper trace but requ iring a longer exposure tim e.
The o sc illo sc o p e  screen was focussed onto a ground 
g la ss  screen in  the fo ca l p lace o f  the camera, with the len s  
aperture a t f . 4 .  W hilst taking photographs, the len s  
aperture was stopped down to f . 8 .
Even with these precautions, the trace was s t i l l  about 
1 ram. broad when projected onto the graph paper.
Measurements were always taken between the cen tra l poin ts  
o f the two tr a c e s . For a trace with an average h eigh t  
above the zero l in e  o f  6 to 7 centim etres, an error o f
-  83 -
-  1% may be introduced in to  the read ings. However, i t  
should be remembered that fo r  each current some 250 readings 
were p lo tted  on the graphs and that i f  a l l  the errors were 
accumulative for a p a rticu la r  current, the error would s t i l l  
remain a t -  If .
From the o sc illo sc o p e  trace  fo r  the received  microwave 
power at 30°, i t  was seen that in  the region  o f  10.5 u n its  
o f current, the amplitude o f  the received  power varied  
rap id ly  for a small change o f  current. This phenomenon 
occurred near the above value o f  current over a range o f  20°. 
I t  may have resu lted  in  an ad d ition a l error o f  fo r  th is  
and nearby current v a lu es .
( i i )  A random error occurs in  drawing a rap id ly  varying  
curve through a lim ited  number o f  p o in ts . The in terferen ce  
pattern o f  the received  power has, in  gen era l, a periodic
j
sin e  wave ch a r a c te r is tic  which aided the drawing and the 
estim ation  o f  the p o sitio n  o f  the curves. The average area 
under the graph fo r  an in te rv a l o f  one degree i s  about 
5 square cen tim etres. The drawing o f  the curve through 
the points was probably b etter  than -  0 ,1  sq . cm. per degree, 
w h ils t  the counting o f  squares in  th is  in te rv a l was b e tte r  
than 0 .02  sq , cm. This represents an o v e r a ll error o f
-  2f . Again, i t  should be remembered that there are 180 
degree in te r v a ls  to be considered and that th is  o v era ll  
error i s  only true i f ,  for  a l l  the in te r v a ls , the error i s  a
-  84 -
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Fi&ure 3 3 . tEFERENCE PLANE
NOT TO SCALE.
I
EXPANDED POLTSTTRENE
METAL SLEEVE
PLYWOOD b a c k in g -
p a r a l l e l  METAL PLA TES
SECTION OF DISCHARGE TUBE
A n  E st im a t io n  of P o w e r  L o s s  th ro ug h  t h e  C e n t r a l  
H o l e s  in t h e  Pa r a llel  P late  T r a n s m i s s i o n  L i n e .
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maximum and in  the same d irec tio n  for  a given current 
compared with the opposite d ire c tio n  fo r  other cu rren ts. 
Furthermore, the ra te  o f  change o f  power w ith angle was 
sm aller from 0° to 90°9 and the error in  drawing the curve 
should be much le s s  than 0 .05  sq . cm. per degree.
( i i i )  A small amount o f  power (£% -  must be added to  
the to ta l  measured power to  allow  for the power that was 
sca ttered  in to  the region which could not be measured from 
0° to 15°. F ortunately, as the rece iv er  was moved around 
towards the input horn, the magnitude o f the received  
power varied only very slow ly with the angle (Figure 32 ). 
Thus i t  was p o ssib le  to make a reasonable estim ate o f  the 
power in  th is  reg ion . I f  an error o f  20fo was made in  these  
estim a tes, the o v era ll error, when compared with la rg er  
powers a t other an g les, would be l e s s  than 1%, A larger  
error would occur over th is  region  i f  the magnitude o f  the 
power suddenly changed,
( iv )  I t  was important to have an estim ate o f  the power lo s t  
through the cen tra l h o les  in  the p a r a lle l p la te s  and a lso  to  
know the manner in  which the power lo s t  varied  w ith the 
discharge tube current. The h o les were d ir e c t ly  in  l in e  
w ith the peak o f  the input power beam which was d irected  at  
the plasma.
Figure 33 shows the experim ental arrangement for  the 
determ ination o f  the power lo s t  through the h o les for  a zero
-  87 -
discharge tube current. A length  o f  g la ss  tubing was cut 
from a discharge tube and f i t t e d  through the h o le s . A 
metal s le ev e  was f i t t e d  over the g la ss  tube and was in  
contact with the top surface o f the upper p la te . Thus the 
power was guided c lea r  from the backing sh eets o f  the 
p a r a lle l p la te s . The presence o f  the metal s le e v e s  might 
have a ffe c ted  the to ta l  amount o f power coupled through the 
h o les due to the r e la t iv e  impedances at the jun ction .
Because o f  the s iz e  o f  the junction , which was three  
wavelengths in  diam eter, i t  would not a f fe c t  the general 
order o f  magnitude o f  the power coupled through the h o le .
A se c tio n  o f  expanded polystyrene f i l l e d  the top o f  the
metal s le e v e . The top surface o f  th is  foam was used as a
reference plane for  measuring the power. An open-ended
sec tio n  o f  waveguide was used to measure the power by r e s t in g
the open end on the reference p lane. A p lo t o f  the
r e la t iv e  powers was made a t the reference plane, f i r s t  with
the e le c t r ic  f i e ld  in  one d ir e c t io n , and then with the
f ie ld  at r ig h t angles but in  the same plane, Figure 34.¥
A reference le v e l  o f  the power was obtained from measurements 
o f  the sca ttered  power over a 5° in te r v a l between 45°and 50°.
The estim ated amount o f  power which passed through the 
h oles in  the p a r a lle l p la te s  was about 20,000 u n it s , as
shown on the sc a le  o f  Figure 31. I t  should be remembered
that th is  was only an estim ate and might p ossib ly  have an
-  S3 -
error o f  up to  50$.
The v a r ia tio n  o f  the power lo s s  through the h o les as 
a function  o f  the d ischarge tube current was determined 
by sampling the power lo s s ,  as shown in  Figure 35. The. 
open-ended waveguide rece iv er  was placed in  contact with  
the g la ss  w a lls  o f  the discharge tube and kept at a 
constant h eigh t from the p a r a lle l p la te s . On the  
o sc illo sc o p e  was shown the received  microwave power aga in st  
current. This trace  was photographed fo r  various angles 
around the d ischarge tube. From the photographs a graph 
o f  the power ag a in st the angle was p lo tted  for  d iffe r e n t  
currents, Figure 36, from which was determined the r e la t iv e  
lo s s  o f  power fo r  a l l  cu rren ts.
The only general conclusion  that could be drawn from 
th is  graph was, th a t a t t h is  d istan ce from the h o le s , the 
power picked up decreased in  a f a ir ly  uniform manner as 
the current in creased . The displacem ent o f  the points 4 
and 6 u n its  o f  current represented about 0 .1$  o f the to ta l  
power in  the system and might e a s i ly  have been due to  the  
s im p lic ity  o f  t h is  experim ent.
I t  can be seen th a t at a l l  angles there was no power 
received  above 12 u n its  o f  current. There was no 
in d ica tio n  from th is  experiment th at the shape o f  the 
in tegrated  power curve was due to the varying amounts o f  
power lo s t  through the cen tra l h o le s .
-  89 —
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The r e s u lt s  o f  a further experiment are shown in  
Figure 37* Here the rece iv er  was kept constant at the 0° 
p o s it io n  but moved a small d istan ce along the tube fo r  the 
d iffe r e n t  p lo ts .  The point o f  in te r e s t  was the peak o f  
power appearing a t and around 10 .5  u n its  o f  cu rrent. This 
peak was rap id ly  attenuated  as the rece iv er  was moved along 
the a x is  o f  the discharge tube, compared w ith the peak 
occurring a t  5 u n it s ,  which remained f a ir ly  constant in  
magnitude. In the former case the decrease in  the power 
amplitude w ith d istan ce  from the p a r a lle l p la te s  was not 
due to  d estru ctiv e  in ter feren ce  sin ce  t h is  peak o f  power 
was not repeated furth er along the discharge tube away 
from the p a r a lle l p la te s .
The a tten u ation  o f  power along the discharge tube for  
a current o f  10*5 u n its  may be explained as fo llo w s . I f  the 
plasma was such th at there*was a sheath o f  i t  a t the 
resonant frequency for  the microwaves, then t h is  sheath 
would rea d ily  rerad ia te  in  the backward d irec tio n  (0 * 0 ° ) ,  
causing the peak o f  power. However, at the plasma 
resonance frequency, the amplitude o f  the e lectron  
o s c i l la t io n s  b u ilt  up causing power to  be lo s t  upon c o l l is io n s .  
Thus, because o f  the power being lo s t  in  t h is  way, the peak 
was soon attenuated as the rece iv er  was moved along the a x is  
o f  the d ischarge tub e.
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(v). There was a sm all periodic v a r ia tio n  o f  microwave 
power from the k lystron  at 5 0 c /sec . This v a r ia tio n  was 
disp layed  on the o sc illo sc o p e  with a vo ltage  corresponding 
to the discharge tube current sweeping the X p la te s . The 
microwave bench was s e t  up w ith the c r y s ta l detector  
term inating the main guide. The attenuator was se t  so 
th a t there was a c lea r  trace o f  4 cm. heigh t on the
5 v o lts /cm . range, the d etected  power having been am plified  
to the same exten t as power d etected  during the main 
experim ent. This precaution allowed fo r  5 0 c /sec . 
v a r ia tio n s  in  the o sc illo sc o p e  or the am p lifiers used in  
the experim ent. The o sc illo sc o p e  trace was now am plified  
onto the 0 .5  v o lt/cm . range. The zero power l in e  s t i l l  
remained s tr a ig h t , but when the power amplitude l in e  was 
brought onto the s c a le , there was a small amount o f  
curvature in  the trace (Figure 2 2 ) . The v a r ia tio n  was 
smooth and was always b e tte r  than 0 .5 ^ . This error  
occurred over a small region  for currents above 9 u n its  and 
in d ica ted  a s l ig h t  in crease in  apparent input power over 
the reg io n .
(v i)  The power output o f  the k lystron  was monitored during 
the experiment and was kept to b e tte r  than From the
method used to measure the to ta l  power in  the main * 
experim ent, any v a r ia tio n  o f  the input power to the 
p a r a lle l  p la te  system would a f fe c t  a l l  the current readings
-  93 -
in  a s im ila r  manner* Thus the error was not so 
important as i t  would have been had the readings fo r  the 
various currents a t a given angle been measured at d iffe r e n t  
tim es, with the p o s s ib i l i ty  o f  d iffe r e n t  input powers*
(v i i ) I t  was assumed that the sweeping o f  the p la tes  was 
l in e a r  w ith the applied  v o lta g e , i . e .  the d istan ce along
a trace  in  the x d ire c tio n  was proportional to  the d ischarge  
current. This could be shown to be true by applying the 
same sweeping vo lta g e  to both the x and y p la te s  o f  the  
o s c i l lo s c o p e . The r e su lt in g  trace was a s tr a ig h t  l in e ,  
the slop e o f  which gave the current ca lib r a tio n  fo r  the 
x a x is  as measured by the vo ltage across a standard one ohm 
r e s is ta n c e . (See Figure 2 1 ) .
The peak current in  the discharge tube was 4 .9  amperes, 
g iv in g  1 "unit o f  current1’ equivalent to 0 .373 amperes.
( v i i i )  The c r y s ta l used had a good square law response for  
low powers but fo r  higher microwave powers the cr y sta l  
power law in creased . These higher powers were only  
encountered in  the s tr a ig h t through region o f the  
spectrom eter (160° -  2 0 0 °). In t h is  region the amplitudes 
o f  power fo r  a l l  currents were very nearly the same. Thus 
the errors in  the c r y sta l c a lib r a tio n , more l ik e ly  to occur 
in  t h is  region  where the law departed from the id e a l second 
power, would only be e f f e c t iv e  on the d ifferen ce  o f  the 
read ings. For the lower powers, the powers for d iffe r e n t
-  94 -
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currents were o f the same order and cr y sta l ca lib ra tio n  
errors would be in s ig n if ic a n t .  At higher powers, the  
errors could only be kept small by ca refu l ca lib ra tio n  o f  
the c r y s ta l .  I t  wa3 p r a c tic a lly  im possib le to ca lcu la te  
the errors incurred , although a 10% error in  the correction  
curve fo r  the c r y s ta l law (Figure 26) would only r e s u lt  in  
an error o f  1% o f  the c h a r a c te r is t ic  form shown in  
Figure 38, which shows the power in  the region 160 -  200°.
I t  should be noted th a t the general c h a r a c te r is t ic s  o f  
Figure 36, as p lo tted  o r  in v erted , bear no resemblance to  
Figure 31.
( ix )  In order to a scerta in  th a t the spectrom eter was 
symmetrical about the input a x is , the power scattered  on 
e ith e r  s id e  o f th is  a x is  by the g la s s  o f  the discharge tube 
was p lo tted , Figure 39. The only q u a n tita tiv e  conclusion  
that could be drawn from t h is  Figure in d ica ted  that the power 
l e v e ls  on e ith e r  s id e  o f  the l in e  o f  symmetry d iffer ed  by 
l e s s  than 1%.
3( v i ) Conclusion
Figure 40 has been p lo tted  to show the measured 
in teg ra ted  power, Figure 31, together with the estim ations  
o f  power as described  in  S ection  3 ( v ) .  The general form 
i s  unchanged although there i s  an in crease in  the power, 
more dominant a t the lower discharge tube cu rren ts. The 
main minimum in  the to ta l  power represents an extra lo s s
o f  a t le a s t  5$ and, occurring a t 11 u n its  o f  current, 
corresponds to the lo s s  at the plasma frequency o f  e lectron  
o s c il la t io n s *  The secondary lo s s  o f  power at 5.8 u n its  o f  
current i s  d iscussed  further in  S ection  4 ( i v ) .  The dotted  
l in e  in  Figure 40 represents the general form o f  the power 
curve, i f  the lo s s  i s  d ir e c t ly  proportional to the plasma 
co n d u ctiv ity .
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CHAPTER IV 
PLASMA PHENOMENA
4 ( i )  The R elation sh ip  between the E lectron D ensity o f  
the Plasma and the S catterin g  E ffec t over a Band 
o f  Microwave Frequencies________ _________________
The e lectro n  d en sity  o f the plasma increased with the
current which flowed in  the discharge tube* I t  was noticed
th at o sc illo sc o p e  tra ces  obtained under known con d itions fo r
a microwave frequency o f  24 G c/sec . showed sim ila r
c h a r a c te r is t ic s  to tra ce s  taken a t  other frequencies w ithin
the working range o f  the apparatus (22 -  26 G c / s e c . ) .  This
s im ila r ity  i s  demonstrated in  Figures 41, 42 and 43, where
the sca ttered  microwave powers at 30°, 60° and 90° are shown for
freq u en cies o f  22, 24 and 26 G c/sec.
From the curves showing the sca ttered  power from the
discharge (a t  24 Gc/sec ) ,  there appeared at 90° a maximum
o f microwave power corresponding to a d ischarge current o f
11 .4  u n it s .  From previous experimental evidence (Page 96 ) ,
t h is  current seemed to correspond approximately to the value
« .
required to g ive  the plasma frequency o f  o s c i l la t io n  w ithin  
the plasma. The current at which the sca ttered  power was 
a maximum in  the 90° d irec tio n  was measured for  the range 
o f freq u en cies 22 -  26 Gc/sec.
Now i t  was assumed that the e lectron  d en sity  w ithin  
the plasma was proportional to the discharge current sin ce
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the gas in  the discharge tube was only weakly io n ize d .
The plasma frequency was th erefore proportional to  
the square root o f  the e lectro n  d en sity .
Following th is  l in e  o f  approach, a graph o f the 
discharge current aga in st the square o f  the frequency 
should g ive  a s tra ig h t l in e ,  such th a t for  a given  
percentage in crease in  the discharge current, there was a 
corresponding percentage in crease in  the value o f  the  
square o f  the microwave frequency (Figure 4 4 ). I f  the 
r a t io  o f  the percentage in crease  was not u n ity , then the 
electro n  d en sity  was proportional to th is  r a t io  m u ltip lied  
by the discharge current. Furthermore, the extrap olation  
o f  the stra ig h t l in e  graph should, w ith in  experim ental 
error, pass through the o r ig in  o f  the axes.
The current corresponding to the maximum scattered  
power a t 90° was obtained from o sc illo sc o p e  tra ces taken  
every 500 M c/sec. from 22 G c/sec. to 26 G c/sec. This 
represented the f u l l  range o f  the K-band k lystron . With
From
e N ea (4 .1 )
o zm e 0
zCOp (4 .2 )
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sharp maxima to be measured fo r  the sca ttered  microwave 
power, the error l in e s  represented an error o f  i  1 mm. on 
the projected  image o f  the photographic n eg a tiv e . This 
error was o f a s im ila r  order to the th ickness o f  the 
o sc illo sc o p e  tr a c e . At three frequencies the p ossib le  
error was much g rea ter . This was caused in  the fo llow in g  
manner, Figure 45. I f  a t one o f  these frequencies the 
sca ttered  power was measured in  the spectrom eter from 100° 
to  SO0 , the maximum sca ttered  power a t . 100° was gradually  
replaced  by a nearby second maximum which was the more 
dominant by 60°* This s h i f t  from one maximum to another 
caused an u n certa in ty  in  the p o s it io n  o f the maximum at  
90°, where the ttwo maxima were combining to g ive  a broad 
and f l a t  peak o f  power.
A s tra ig h t l in e  may be drawn through the experimental 
p oin ts o f  Figure 4 4 . This l in e  had a percentage slop e o f
0 .9 3  -  0.10 and i f  drawn with a slop e o f  1 .02 would pass 
through the o r ig in  o f  the axes. From these curves i t  
could be deduced that the e lectro n  d en sity  was proportional 
to the d ischarge current w ith in  experimental accuracy in  
the frequency range o f  in t e r e s t .
The same types o f  curve are p lo tted  for  the sca ttered  
power received  a t 9 .5 ° .  At th is  angle i t  was seen a t a l l  
frequencies th a t there was a pronounced minimum before the  
backward sca ttered  power f in a l ly  increased a t high currents,
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Figure 47
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Figure 51. The current corresponding to  the minima a t
9 .5 °  was almost equal to the currents measured for a
maximum a t the 90° p o s it io n . The measurements are p lo tted
on Figure 46, again v er ify in g  the lin ea r  re la tio n sh ip
between the d ischarge tube current and the e lectro n  density*
4 ( i i )  A Waveguide Measurement on the R eflec tio n s  
from the Plasma___________________ _________
The microwave bench was s e t  up as shown in  Figure 47. 
The d ischarge tube was firm ly clamped in  r e la t io n  to the  
open-ended waveguide, so that i t  was in  contact w ith the 
waveguide and with i t s  a x is  p a r a lle l to the broad fa c e .
The depth o f the standing wave d etecto r  probe was s e t  
to pick up on ly a sm all amount o f  power in  order that i t  
did not d isturb  the system . A variab le  matching probe 
was incorporated to cancel the r e f le c t io n  e f f e c t s  o f  the 
open-ended waveguide and the discharge tube in  i t s  zero 
current s t a t e .  The e f f e c t  o f  the r e f le c t io n s  from the rear  
face  o f  the d ischarge tube was n eg lig ib le*  This was shown 
by measuring the standing wave ra tio  when a metal p la te  was 
s e t  behind the g la ss  w a ll. Under the i n i t i a l  matched 
con d ition s a t zero d ischarge current, the standing wave 
d etecto r  gave the V.S.W.R. as b e tte r  than 1 .0 3 .
The power output o f the standing wave d etector  was 
disp layed  on the Y p la te s  o f  an o s c illo s c o p e , w h ils t  the 
X p la te s , driven by a v o ltage  across a standard re s is ta n ce  
in  s e r ie s  with the d ischarge tube, measured the current.
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Photographs o f  the o sc illo sc o p e  trace were taken at every 
\  mm. o f  the 16 mm. tra v e l o f  the standing wave d e tec to r . 
This d istan ce was s u f f ic ie n t  to g ive  two maxima and minima 
fo r  any p o s it io n  o f  the standing wave. The n egatives were 
projected  onto graph paper to g ive  the same sca le  o f  current 
u n its  as was used in  the e a r lie r  experim ents. For each 
u n it  o f  current, the complete standing wave pattern was 
p lo tte d , from which, assuming a square law d etec tin g  cr y sta l  
used a t low powers, the vo ltage standing wave r a t io  was 
determ ined. The vo ltage  standing wave r a t io s  and discharge 
tube currents were p lo tted  on Figure 48a and the r e la t iv e  
phases o f  the standing wave on Figure 4&b.
Up to  10 u n its  o f  current the standing wave ra tio
varied  only by sm all amounts, due to the changing values
o f  the d ie le c t r ic  constant o f  the plasma. For 11 u n its
and over, the v o ltage  standing wave r a t io  increased  rap id ly .
From previous measurements, i t  had been seen that there was
strong in te r a c tio n  between the plasma and the microwave
power occurring in  the region  o f  11 u n its  o f  current.
4 ( i i i )  The R eflected  Power from the Plasma in  the 
Spectrometer_______________________________
At a l l  d ischarge tube currents there was some power 
sca ttered  back from the discharge tube in to  the horn in p u t. 
For sm all currents th is  power may be r e f le c te d  e n t ir e ly  
from the g la ss  d ischarge tube. Using the microwave bench 
as shown in  Figure 49, the r e fle c te d  power, as received  by
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the c r y s ta l d etecto r  in  the d ire c tio n a l coupler arm, was 
matched out for  zero discharge tube current using the 
v a r ia b le  p o sit io n  tuning screw. The received  power in  
the c r y s ta l d etecto r  was d isp layed  on the o sc illo sc o p e  in  
the normal manner as a function  o f  the discharge current.
The change o f  the received  power from the zero current 
matched p o sit io n  was caused by the change in  the e lectro n  
den sity  corresponding to the discharge current.
However, the trace  i t s e l f  did not d is tin g u ish  between 
the fo llo w in g  e f f e c t s
( i )  the power r e f le c te d  by the discharge tube 
. and plasma increased  compared with the 
zero current r e f le c t io n ;
( i i )  the r e f le c te d  power decreased; or 
( i i i )  the r e f le c te d  power was o f  the same
amplitude but d if fe r in g  in  phase from 
the zero current r e f le c t io n s .
The g rea te st  change in  the r e f le c te d  power corresponded 
to the plasma frequency current in  the region o f  11 u n its  
o f  current.
Only the oscillogram  taken at 24 G c/sec . i s  shown, 
Figure 50, s in ce  the r e f le c te d  power, when disp layed on the 
o sc illo sc o p e  for the other freq u en cies, was only about 5 dB. 
above the n o ise  l e v e l .  This was due to the am p lifica tion  
which was required to d etect the s ig n a l in  the coupled arm
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o f  a 20 dB d ire c tio n a l coupler.
I t  was ju s t  p o ssib le  on the o sc illo sc o p e  to d etect  
the changes o f  power when working at 22 G c/sec. and 
26 G c/sec . The readings taken a t the three frequencies  
agreed with the current/frequency re la tio n sh ip s  o f  S ection  
4 ( i ) .
4 ( iv )  The Anomalous Plasma Absorption a t a Lower 
Electron D e n s i t y ________________________
I t  was seen e a r lie r ,  Figure 3, that when an 
electrom agnetic wave was in c id en t upon a plasma column with  
the e le c t r ic  f i e ld  vector perpendicular to the plasma column 
a x is ,  the transm itted  and r e fle c te d  powers varied  w ith the
i
plasma cu rren t. I t  was a necessary cond ition  that the 
diam eter o f  the plasma column was sm all compared with the 
wavelength o f  the in c id en t ra d ia tio n . Because the r e f le c te d  
power was a maximum when the e lectro n  d en sity  corresponded 
to  the plasma frequency c r ite r io n , there was a maximum 
tra n sfer  o f  power between the electrom agnetic rad ia tion  
and the e le c tr o n s .
A secondary maximum o f power tra n sfer  between the 
electrom agnetic rad ia tion  and the e lec tro n s occurred at a 
lower e lec tro n  d en sity , corresponding to  the r e f le c te d  power 
maximum at a normalized plasma current o f  0 .5 6 .
The theory fo r  the secondary resonances at the lower 
e lec tro n  d e n s it ie s  has not y e t been f u l ly  developed. A
treatm ent by Herschberger^ ^  ^  assumed the d isp ersion
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r e la t io n sh ip  for  plasma waves derived by Bohm and Gross^^  
o f  the form
CO* =  CJp2 + k *   U .3>
orrv
Assuming fu rth er that the e lectron  d en sity  i s  proportional 
to the plasma current, then fo r  each resonance
2m,
i -  —  
I . .
z
(4 .4 )
2rt-«~ I
where n = 0 , 1 , 2, . . .  and Ia / l 0 i s  the plasma current
normalized to the current at the plasma frequency. The
r e s u lt s  from t h is  equation fo r  n * 0 to 4 agreed c lo se ly
( q \
w ith the experim ental r e s u lts  o f  Dattner \
In order to apply equation (4 .4 ) the plasma should be 
bounded. When an electrom agnetic wave in  a p a r a lle l p la te
f
system was in c id en t on a plasma column the e le c tr ic  f ie ld  
was along the a x is  o f  the plasma column. However, there  
was only a sm all se c t io n  o f the plasma column th at was under 
the in flu en ce  o f  the electrom agnetic f ie ld  because o f  the 
co llim a tin g  a ctio n  o f  the p a r a lle l p la te  spectrom eter.
This se c t io n  o f  plasma was approximately the separation  o f  
the p a r a lle l  p la te s , 0.17" or one-th ird  o f  a wavelength. 
Figure 50 shows the received  r e f le c te d  power from the plasma 
column. When measurements were made on the r e f le c t io n  from 
the plasma column immediately in  front o f  an open-ended
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waveguide, the r e f le c t io n s  from the rear face o f  the 
discharge tube were found to be n e g lig ib le .  Therefore, 
assuming here that th ese  r e f le c t io n s  were again n e g lig ib le  
in  the backward sca tter in g  d ir e c t io n , Figure 50 may be 
in terp reted  in  the fo llow in g  manner.
At the point 0 , the reverse power was matched out fo r  
zero d ischarge tube current. This elim inated  the e f f e c t s  
o f  the g la ss  discharge tube and the input horn assembly.
At B the e lec tro n s had l i t t l e  e f f e c t  on the microwaves.
The power might be com pletely transm itted through the plasma. 
At C there was a maximum o f  r e f le c te d  power. This current 
corresponded to the value required fo r  the plasma frequency 
con d ition  where the e lec tro n s n atu ra lly  o s c i l la te d  at the 
microwave frequency. At A there was a lso  a maximum of  
r e f le c te d  power. In order to r e f le c t  the microwave power 
there must be a stronger in te ra c tio n  between the microwaves 
and the plasma in  th is  region  o f  e lectro n  d e n s it ie s .  This 
in d ica ted  the need fo r  a greater tra n sfer  o f  power between 
the microwaves and the e le c tr o n s . When the e lectro n s were 
in  c o l l i s io n  with ‘other p a r t ic le s  or with the discharge tube 
w a lls , they lo s t  th e ir  ordered radio frequency energy. The 
in tegra ted  power would th erefore show a lo s s ,  Figure 31*
I t  i s  in te r e s t in g  to note the s im ila r ity  in  the shape o f  the 
curves for the r e f le c te d  power and for the power l o s t .
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Figure 51 shows the received  sca ttered  power a t 9 i°#  
This was the nearest a c c e ss ib le  point to the input a x is  that  
was not hindered by the presence o f the input horn* The 
general form o f  t h is  Figure corresponded to the in tera c tio n  
o f  two waves, one sca ttered  from the g la ss  discharge tube 
and o f  about the maximum power le v e l ,  w ith the other o f  
le s s e r  amplitude sca ttered  from the plasma column but out o f  
phase w ith the f i r s t  wave.
/
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CHAPTER V
THE THEORY OF SCATTERING FROM A CYLINDRICAL PLASMA
5 (i ) In troduction
In taking the readings fo r  the in tegrated  power 
measurements, the graphs for  the sca ttered  power over one 
h a lf  o f  the spectrom eter were p lo tted . The opposite  s id e  
was g en era lly  assumed to have the same c h a r a c te r is t ic s  for  
the sca ttered  power, the spectrom eter being symmetrical
i
about the input a x is .  A complete sca ttered  power p lo t i s  
shown in  Figure 30, fo r  a discharge tube current o f  11 u n it3. 
In ca lc u la tin g  the in tegra ted  power, s im ila r  graphs were 
p lo tted  for  every h a lf  u n it  o f  current from 3.0  to 13.0  
u n it s .
The in te r fer en ce  pattern which occurred with a period  
o f  about 3 .0 °  was caused by the in te ra c tio n  o f  the wave 
sca ttered  by the discharge tube and the leakage wave between 
the input horn and the r e c e iv e r . This in terferen ce  pattern  
was accentuated by the use o f  a low d ir e c t iv ity  open-ended 
waveguide r e c e iv e r .
A graph o f  the power sca ttered  by the discharge tube 
alone was obtained by drawing the mean through the small 
angular period in ter feren ce  pattern . This averaging  
method o f  determ ining the true sca ttered  power from the 
discharge tube had an accuracy greater than provided that
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the r a tio  o f  the maximum to minimum powers was not greater  
than two* With a r a tio  o f  power o f  1*5:1, the error was 
1%.
Figures 52, 53 and 54 show the polar p lo ts  o f  the power 
sca ttered  by the plasma column and the surrounding g la ss  
discharge tube. The region  between 150° and 1$0° was not 
p lo tted  s in ce  the power in  t h is  region  was dominated by the 
s tr a ig h t  through rad ia tion  and the f i r s t  few s id e  lo b e s .
The theory fo r  the sc a tte r in g  from a plasma column has 
been presented in  S ection s 5 ( i i )  and 5 ( i i i ) .  The former 
S ection  d ea ls  with the wave theory, characterized  by the  
e le c t r ic  f i e ld  components o f  the waves in  the system, 
w h ils t  the la t t e r  sec tio n  considers a geometric approach 
to the sc a tte r in g  from a plasma column*
5 ( i i )  S ca tter in g  from a Plasma Column: Wave Theory
In the general treatm ent o f  the sc a tter in g  o f  
electrom agnetic waves from o b s ta c le s , the fo llow in g  
con sid eration s are im portant. A ll so lu tio n s  may be 
formulated in  terms o f  e ith e r  the e le c t r ic  or the magnetic
f ie ld  components. U sually there i s  one f i e ld  component
/
with which i t  i s  obviously  e a s ie r  to work. The f i e ld  
components are d ir e c t ly  r e la ted  by Maxwell’ s equations at 
every point w ithin  the system. The f ie ld s  must therefore  
s a t is f y  a l l  the boundary co n d itio n s. The f ie ld  components 
of- a tr a v e ll in g  wave in  a p a r a lle l p la te  transm ission l in e
s
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lim ited  to i t s  dominant mode are id e n t ic a l to  an in f in i t e
«
plane wave in  free  space, provided th a t the transm ission
l in e  p la te s  have an in f in i t e  co n d u ctiv ity .
The sc a tte r in g  o f  electrom agnetic waves by c y lin d r ic a l
o b sta c le s  was f i r s t  solved  by Lord R a y l e i g h i n  1918.
His so lu tio n  has been used and m odified by many authors in
(*35)various form s. J.R.W ait gave a f u l l  treatm ent o f the  
sc a tte r in g  o f  a plane wave w ith arb itrary angle o f  incidence  
from a c irc u la r  d ie le c t r ic  cy lin d er . From h is  general 
so lu tio n  he derived the sp e c ia l ca ses , g iv in g  approximations 
fo r  seven c a se s . These approximations included the  
treatm ent o f  a normally in c id en t wave, together with fa r  
f i e ld  sc a tte r in g  co n d itio n s . In h is  conclusion  he in d ica ted  
the p o s s ib i l i t i e s  o f  tr ea tin g  the sc a tte r in g  from a plasma 
column, assuming th at the r e la t iv e  d ie le c t r ic  constant was 
l e s s  than u n ity .
For the dominant mode in  a p a r a lle l p la te  transm ission  
l in e  the e le c t r ic  f i e ld  component i s  normal to the p la te s .  
This i s  the same d irec tio n  as the a x is  o f  the plasma column 
which has been chosen as the z a x is  o f  a c y lin d r ic a l  
co-ord in ate system , Figure 55. The theory i s  derived from 
Maxwell*s equations fo r  the system .
c u r l  E = -  B ......... (5 .1 )  dtv D =0  (5 .3 )
c u r l  H = D ...........( 5 . 2 )  d iv B = O ........... ( 5 . 4 )
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Let the f i e ld  components in  the system be derived from the 
sca la r  fu n ction  $ K e ).
E = CURL\§ (+ ,e )e r^ (5 .5 )
(5 .6 )H g j CURL C . Q R l . 1 €r\
“ f r  ( ~ J
where i s  the u n it  vector in  the ra d ia l d irec tio n  in  a
c y lin d r ic a l system o f co -ord in ates ( r ,0 ,z ) ,  and j = / - l *
From the nature o f  the experiment a l l  f ie ld  components 
are assumed to have a time dependence o f  and to  be
independent o f  the a x ia l component,
i *®* 4- -  o
02
From the nature o f  the dominant mode propagation in  a 
p a r a lle l p la te  transm ission  system , the e le c t r ic  f i e ld  has 
only a z componentc
In c y lin d r ic a l co -o rd in a tes ,
CURL A = J_bhj. _ c)Aq e ,  + ^Ay 3A2. e  + I VrAe) ^Ar
/  " Z-L b z . b 't’ d 'f dr dO
Therefore from (5*5) and (5 .7 )
E  = - - - —  e  
~  'r  a e  ” r
e . . . ( 5 .7 )
~ Z
(5 .8 )
CURL E  = ~ J_ ^ _ ( l  M .'le
- r ’a e W  a e / - ' r d - r V  d e / ~ ® (5 .9 )
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curl.curl E= (r ~  ( -•  — 1 ......... ( 5 . 1 0 )
-  [ T Msr beWdQlh7’ bA* l) 0 / / ~ z
Putting b i/d  9= F and combining (5 .10 ) with (5 .1 ) and ( 5 .2 ) .
c u r l .c u r l  E =i ± ( i . L ( £ \ \  + l A  (T A. ( f \\
r  bQ\i"dd\'r/J <f M  m WH
^Uae(r)cJaF
(5.11)
(5.12)
Upon expanding the terms
a2F . , a ^ F  3F
a e 2
+ 'r‘  t  —— + r + e u
a>t ?
F CjU„€(r,)c2?T?F = 0 ......... (5.13)
Separating the independent v a r ia b le s
a2 F
a e 2
= - tl1 F i . e .  fT e ~J±jrlQ ..........(5.14)
g iv in g  the ra d ia l v a r ia tio n
a2 i -  to2 k02 e(-r)' F  = 0 .......... (5 .15)
where ko = 0 / ; 0t 0 .
As shown p rev iou sly , the e le c t r ic  vector i s  only in  the 
z d ire c tio n  and fo r  a plane wave i s  given by
INC _  jko'f.cos©= K eZ L“ o ^ ( 5 . 16)
-  1 2 8  -
In terms o f  B esse l fu n ction s, th is  i s  equivalent to
OO
Ez = E0zL(2-6n)(-jrTn(k0T).c.os n0 .......... (5 .17)
n=o
The sca ttered  f ie ld  i s  formed from Hankel functions  
which a t large  d ista n ces  from the o r ig in  g ive the sca ttered  
wave the correct phase and amplitude as may be expected for  
an outward tr a v e ll in g  wave*
OO
E ?  = X  A „ (2 -6 h (-j)V ‘W ) c o s  ne .......... ‘ 5.18)
n : 0
where H n (k0r) =• X ( k t)'ir)-j Yntko'r)  (5 .19)
The f ie ld  w ith in  the d ie le c t r ic  i s  derived from (5.B) and 
(5*15) and i s
OO
cosn.9,. . ( 5 .20)
E z " 2 B n(2 -U (- j )  U?(kr) + E^U^(H k't
where the U fun ction s are the so lu tio n s  o f equation (5 .1 5 ) .  
When the plasma i s  taken to be uniform, the e le c tr ic  f ie ld  
becomes
CO
E* = Bn(2-<S„)(-j) Trt(kt)cjosn0. ........ (5.21)
r \ = o
The constant for the second so lu tio n  in  Yn(kr) i s  s e t  to 
zero in  order th at the e le c t r ic  f i e ld  remains f in i t e  at the 
o r ig in .
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The f i e ld  in  the g la ss  i s  given by
CO
n=0
+ D.XCk.'f) cos a 9 (5.22)
To s a t i s f y  the boundary con d itions a t each in te r fa c e , the 
fo llow in g  equations apply.
y  e®  = y  t f   ( 5 . 2 3 )
n.=o
co
I
n=o
r\= o
00
n=o d 't
(l)
(5 .24)
Applying th ese con d itions g iv es four s e t s  o f  simultaneous 
equations, from which the c o e f f ic ie n t s  Bn , Cn and Dn may be 
elim in ated , to g ive  the complex c o e f f ic ie n t  An in  terms o f  
the in c id en t amplitude E0# These step s lead  to
^  _  ko<xX.(k0£) — p X-Ckp-^ ) £
k gp H “ (k0^ -  k o t H ^ C . )
w h e r e  oc =  X ( k g & )  +  Yrt(k g & )
p  =  i.'CkgG) +  if. y ; ( k / )
y _  kg^OyOXt'Oy) -  kpT^ kgoQX'fkpO.) 
k p Y 0 ( i ^ a ) X ' ( k p a ) -  k g ( k p C L ) Y „ '( k ^ a )
(5.25)
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S ix teen  orders o f  th is  c o e f f ic ie n t  were ca lcu la ted  from 
a programme w ritten  in  Autocode for  a S ir iu s  Computer.
The computation had a th e o r e t ic a l accuracy o f 0 .1 $ .
The re levan t parameters o f  the ca lcu la tio n  are
In order to determine the power sca ttered  at a given
angle i t  i s  assumed that the rece iv er  i s  in  a far f ie ld  zone
where the Hankel fu n ction s represent a s in u so id a l waveform.
At the experim ental d istan ce o f  the re ce iv er  th is
in troduces a p o ssib le  Jfo error. The r e s u lts  are p lo tted  in
polar form in  Figure 56.
The main disadvantage o f  the theory i s  the assumption
o f  the uniform plasma column. This averaging has been used  
(37)by W il l i s ' . I t  does n ot, however, account fo r  the
ser io u s disagreement between theory and experiment for  a 
sca tter in g  o b ject with a radius to wavelength r a t io  o f  1 .5 .
The n in e  l o b e s  o f  power t h a t  occur  between 0° and 180° are  
g e n e r a l  f o r  the  d i s c h a r g e  tube used in  t h i s  ex p e r im en t .
The approximate number o f  l o b e s  i s  determ ined by the  
magnitude o f  th e  arguments o f  the  B e s s e l  f u n c t i o n s  at  the  
outerm ost  boundary and, f o r  any s c a t t e r i n g  c y l i n d e r ,  t h i s  
number i n c r e a s e s  w ith  th e  c y l i n d e r  d ia m e ter .
CU = 1 .79  cm. 
Cr * l .# 9  cm.
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As fa r  as the experim ental work i s  concerned, four 
con d ition s may not agree with the theory,
( i )  the amplitude o f the in cid en t wave may 
not be uniform;
( i i )  the phase o f the in c id en t wave may not 
be uniform;
( i i i )  the e f f e c t  o f  the holes cut in  the
metal p la te s  w i l l  d isturb  the assumed 
in f in i t e  system;
( iv )  the plasma does not behave as a
d ie le c t r ic  with a r e la t iv e  d ie le c t r ic  
constant l e s s  than u n ity .
A more ex ten siv e  computing programme i s  required to g ive  
the reasons for  the disagreement between theory and 
experim ent, in clu d in g  the treatment o f  a plasma column with  
a p erm ittiv ity  which i s  a function  o f  the rad iu s. This 
would change the fun ction s derived from equation (5 .15 )#
5( i i i )  The Angle o f  Maximum Scattered Power
As i t  can be seen from Figure 52 showing a polar p lo t  
o f  the sca ttered  power from the discharge tube, there  
appeared, fo r  each current, a d is t in c t  angle a t which the  
sca ttered  power was a maximum. I t  was further seen th a t, 
as the current in  the discharge tube in creased , th is  peak o f  
power moved toward the input horn from the s tra ig h t through 
p o s it io n .
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The fo llow in g  treatment has been se t  o u t, using the 
general p r in c ip le s  g iven  by S h m oys^ ^ . I t  d ea ls with the 
sc a tter in g  o f  an electrom agnetic wave from a plasma column 
with the e le c t r ic  f ie ld  vector p a r a lle l to the a x is  o f  the 
plasma. Normally the in f in i t e  system o f a plasma column 
and a plane wave are considered . To a f i r s t  approximation 
the experim ental system o f the plasma column situ a ted  
through p a r a lle l conducting p la tes  represents an in f in i t e  
system ,sin ce the electrom agnetic f ie ld  vectors are 
represented in  a s im ila r  manner to those o f the in f in i t e  
system .
A plasma column may be characterized  in  one o f  the  
fo llow in g  three ways:-
( i )  i t s  dimensions are much sm aller than 
a wavelength;
( i i )  i t s  dimensions are o f  the order o f  a 
wavelength;
( i i i )  i t s  dimensions are much greater than 
a wavelength.
In the f i r s t  case , sin ce  the dimensions are much 
sm aller than a wavelength, the plasma column may be trea ted  
as a homogeneous d ie le c t r ic  cy linder with the d ie le c tr ic  
constant given  by
 (5 ‘26)CO
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Here cop corresponds to the plasma frequency o f  a uniform  
plasma with the appropriate averaged e lectro n  d en sity .
From Maxwellrs equations, the wave equation, in  terms o f  
the e le c t r ic  f i e ld ,  i s
V ZE+(k(-v))2E = 0   ( 5 . 27)
where [k w ]*  = k* ~   (5 .28)
With the con d ition  th at there are no f ie ld  v a r ia tio n s in  
the z  d ire c tio n  and E = E z , the wave equation g iv es
z'dl E .  i d E *  ' *
-r E = 0 —  - ( 5.29)
^  +  d r
 09
w ith the so lu tio n  E ==2 ^ E a COSn0 * . . . . ( 5 .3 0 )
a-o
For a sm all cy lin d er ' t * I  . This means that the only
s ig n if ic a n t  mode i s  given by n * 0 . Therefore, the plasma
introduces very l i t t l e  d is to r t io n  in to  the electrom agnetic
( 1 2 )f i e l d .  W ill is  and P etroff have, however, shown th a t, 
under su ita b le  co n d itio n s, an arrangement o f  th is  form can 
produce resonant e f f e c t s  o f  a s im ila r  nature to those  
obtained by other authors(7-11) wjien considering the 
e le c t r ic  f i e ld  perpendicular to the plasma column.
The second case i s  the most d i f f i c u l t  to analyse  
sin ce  i t  does not allow  the approximations which are apparent 
in  the other two c a se s .
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In the th ird  case where the dimensions are large  
compared with a wavelength, a geometric o p tic a l approach 
may be used . I t  i s  assumed again here that the e le c tr ic
fo llo w in g  treatm ent i s  based on th at given by Shmoys.
The d iffracted  f i e ld  through the plasma i s  found by 
geom etric o p tic s  u sin g  the fo llow in g  assum ptions. In the  
c y l in d r ic a lly  symmetric plasma column, the e lectron  d en sity  
i s  a slow ly varying and monotomically decreasing function  
o f  the radius r .  In order th at the e lec tro n  d en sity  may 
vary s low ly , the dimensions o f  the column should be large  
compared with a wavelength.
The e le c t r ic  f i e ld  component Eg s a t i s f i e s  the 
fo llow in g  wave equation -
The sc a tter in g  from a plasma column may be o f one o f  
two forms; sc a tte r in g  from a penetrable or an impenetrable 
o b s ta c le , Figure 57* I t  i s  the f i r s t  o f  these two forms 
th a t w i l l  be o f  in te r e s t  here. In t h is  case, the cen tra l 
ray passes through the plasma, whereas in  the other case , 
the ray i s  r e f le c te d  back along i t s  in c id en t path.
A general form o f S n e l l ’ s law i s
f i e ld  vector i s  p a r a lle l to  the a x is  o f  the plasma. The
(5.27)
i i 4
M il  ' T . Sin. oi =• c o n s ta n t  t
€0 J
(5.31)
and i s  always s a t i s f ie d  by a ray path r(0) in  a 
c y lin d r ic a lly  s t r a t i f ie d  medium. oC i s  the angle between 
the ray path and the ra d ia l d ir e c tio n , Figure 50. At a 
large  radius fo r  a plasma with a parabolic e lectro n  density  
d is tr ib u tio n  land  r sinoc = b , the impact parameter
o f a given ra y . Therefore the constant o f  the  
gen era lized  form o f S n e l l ’ s law i s  id e n t ic a l to  the impact 
parameter o f  the ray.
From Figure 50 i t  i s  seen that
>2
[<  = toua2oC
chr
(5.32)
Therefore, upon elim inatin g  oc from equations (5 .31)  
and (5 .3 2 ) , we obtain  fo r  a lo s s le s s  plasma,
Therefore,
d eT
drr J 
Lr d 0 f
I dr.
6W ,
I -
Ta 6(-t) 
•Cr* eo
\ — l
 (5 .33)
 (5 .34)
The r e la t iv e  d ie le c t r ic  constant o f  the plasma
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where N(r) i s  the e lec tro n  d en sity  a t a radius r w ithin  
the plasma.
N W e 2- *
Let v M  = (5.36)
This su b s titu tio n  i s  introduced by Shmoys to show the 
d ir e c t  p a r a lle l to a corresponding problem in  p a r tic le  
mechanics.
Thus, fo r  a given ray with an impact parameter b
-i
 (5 .37)lTf) “
or d® =
ctf
(5 .30)
The d e f le c t io n  angle o f  the ray as r -► oo i s
r DO
0(J2r) =rr -  2 (5 .39)
where rQ i s  the d istance o f c lo s e s t  approach o f a ray 
( i n i t i a l l y  d istan ce b from the centre l in e )  to the centre  
o f  the plasma.
Let the e lectron  d en sity
NW =0
o < ' f i a  
'f > a
(5.40)
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Then v w  = v0 
v W  = o
I
<
' f  > a
i
Therefore, the angular d e f le c t io n  o f  the ray i s  equal
TT - V0[l-S (£ f  J 4)dr -2 dr (
a.
Let the two in te g r a ls  above be represented by I ,  and ] 
r e sp e c t iv e ly .
Then I,  = 2 cist
I. = 2
r ^ r 2-^ 2- ^ ^ ) 2]}''2
’_____________ d r ____________________
r ( £ ^ .  *«■ + _ v 0Vr* - 1 )'/j-U v  o )  J
(
Let
rGL
Therefore I, —
oc =  or 
d x  = Z'T&'l'
d x
i
*o
X
!  I F a
This i s  an in te g r a l o f  a standard form
d x
/  \  VX  ( a x 1 + JJroc. +  C)
i c < 0 .
5.41) 
to
5.42) 
2
5.43)
5.44)
5.45)
5.46)
5.47)
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lead in g  to
a
I. = 5 in- i
-k"20  -V 0) x  - 2
oc<
(5.40)
V
rQ i s  the point o f  c lo s e s t  approach to  the centre o f  the  
plasma and i s  determined from dr/d9 =0. I t  i s  a lso  treated
as the zero fo r  measuring angular d e f le c t io n s .
Therefore I = sin.-1
4yv„l
- S m
or T = n +  s in ' ■l. 2 -i
l - V a -d )
The second part o f  the in te g ra l
00
I, = 2
=  2
Let
T he n
X  =  'T 
doc -  Z'fd'T J
I z  =
'T'2[&'2— 'r~2)‘/*di'r 
d r  .
- I p - 1)1
nr
°* d x
CL
OO
Ml*-)cu ' 4
(5 .49)
(5 .50 )
(5 .51 )
(5 .52)
(5.53)
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Therefore I = 2  i b n - y j - I
OO
 (5 .54)
or I 2 = rr -  Z tan- i / a
This reduces to  = 2 s in ." '(x )
The to ta l  angle i s  given by the sum o f the two 
in te g r a ls .  Therefore 0(ir) = n - I , -  T g iv es
(5 .55)
(5 .56)
0 (0 )=  ^  -s in '1
i -v„
- ( 3 T\ -  2  sin;- V<x/  (5 .57)
1 \  2. /  'Vcxv
For the case where ^ = 1, i . e .  a parabolic e lectro n  density  
d is tr ib u tio n  fa l l in g  to  zero a t the boundary,
0(J2r) = sin"1 m m  (5 .50)
l  \  2 »  /  \ a I
The maximum angle o f  sc a tte r in g  occurs when d e /d Hr -  0 .
This can be shown to occur when
Vo
*ka
I -  V„ . . . . . ( 5 . 5 9 )
Therefore the sc a tter in g  angle from the stra ig h t  
through p o sitio n  at the l im it  o f  the sca ttered  power i s
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given by Q ^ jj^ -'y ^   {5>6o)
The equations, when m odified with a p a r tia l parabolic  
d is tr ib u tio n  o f  e lectro n  d en sity , do not provide a simple 
formula fo r  the angle o f  the maximum sca ttered  power, or a 
formula fo r  the angle beyond which sc a tter in g  may not be 
expected .
The maximum ray d e f le c t io n  angle 0o depends upon the  
magnitude o f  the maximum electro n  d en sity  w ith in  the plasma. 
Beyond th is  angle there i s  no geometric o p tic a l sca tter in g  
from the plasma, but only r e f le c t io n s  a ssoc ia ted  with the 
boundaries o f the plasma and the g la ss  tub ing. Therefore, 
th is  maximum d e f le c t io n  angle should be seen experim entally  
as a maximum o f  power or as the angle beyond which the 
power suddenly drops away to a low va lu e.
A polar graph o f  the experim ental sca ttered  power fo r  
severa l va lu es o f  current i s  p lo tted , F ig u res ,52, 53 and 54, 
to i l lu s t r a t e  the manner in  which an angle can be measured 
fo r  maximum sca ttered  power.
From equation (5 .57 ) curves have been ca lcu la ted  and 
p lo tted  fo r  IS = 1, X = 0 * 8 ,  Figures 59 and 6 0 . The IS =1 
curves have been p lo tted  by Shmoys. These graphs show the 
co rrectio n s th at are n ecessary, in -order to allow  fo r  an
( 2 L. )e lec tro n  d en sity  d is tr ib u tio n  o f  the type given by K illia n  .
For V * 1 , the power i s  d istr ib u ted  over a range o f  about 
40°, centred some 10° above 90°. In p ra ctice , 11 u n its  o f
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F i g u r e  59.
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0 5  [ Q r \
IMPACT P A R A M E T E R , {a./ .
F i g u r e  60.
V o=hO ^-
/
V,°Q-4 _ --- ------- v '
v0=o 7 y  
✓
'— x  //  //  //  //  //  /, i '
Vo=l ' Z - //  / /  /  /  X /  //  ✓/  X/  ✓/  x x */  ✓/  X/  ^/  ✓/  X*/  X /  ✓
' ✓/✓✓/✓s*
N = N o( l - 0 ^ f )
°  0 5  /A \  1 0
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current, corresponding to the maximum o f  absorbed power 
in  the power measurements, g iv e s  a maximum sca tter in g  about 
100° with an angular spread o f  40° a t the h a lf power p o in ts .
The graphs are a lso  p lo tted  with Vo > 1 , representing a 
n egative p erm ittiv ity  a t the centre o f  the plasma. For 
. an electrom agnetic wave propagating in  the ( -r )  d ir e c tio n , 
the propagation depends on the term e x p  j  ( c o t+ p't), where 
y3 = 2rr7?/Xd. When the p erm ittiv ity  i s  negative the
propagation term becomes
e o c p Q c u tj -e x p l-2 ^ ^   (5 .61)
For a p erm ittiv ity  6 =  -0 .2  the f ie ld  component 
am plitudes w i l l  have fa l le n  to 6% o f  th e ir  i n i t i a l  
amplitude w ith in  a free  space wavelength. Since the 
negative region  may only extend over a sm all d istance  
compared with a wavelength, power may be coupled out on 
the op posite  s id e , ( c . f .  the variab le c u t -o f f  a tten u a to r).
A graph o f  the discharge tube current against the 
angle fo r  the maximum sca ttered  power i s  p lo tted , Figure 61. 
On the same graph i s  p lo tted  the th e o r e t ic a l curve 
VQ = A s in  0 O, obtained fo r  a parabolic e lectro n  d ensity  
d is tr ib u t io n  and normalized to  g ive a reading corresponding  
to the experim ental r e su lt  a t 90° sca tter in g  angle.
The curves show,a general s im ila r ity , although i t  must 
be remembered th at an o p tic a l approach has been applied  to
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a plasma column whose diameter i s  only nearly three tim es 
the wavelength o f  the sca ttered  ra d ia tio n .
The th e o r e t ic a l r e s u lts  have not allowed for the 
change o f the sc a tte r in g  angle due to the g la ss  w a lls .  
Equation (5 .39 ) may be m odified to g ive the change in  
d ire c tio n  o f  a ray o f  v a r ia b le  impact parameter b on passing  
through a g la ss  w a ll . The change in  the to ta l  sca tter in g  
angle would be tw ice th is  va lu e.
Assuming the p erm ittiv ity  o f  the g la ss  to be 4 .0 , and 
the ra tio  o f  the inner to the outer diam eters o f  the g la ss  
to be 1 .1 ,  then 0 ^ 5 =* degrees. = 6 -6 °  maximum.
i
Any change o f th is  nature would not be detected  in  
th is  experim ent. In the experiment, the maxima were traced  
round to  the region o f  70°. Above 13 u n its  o f  current i t  was 
suspected that the peak o f power died away, sin ce on moving 
to higher currents the power le v e l le d  o f f  in  in te n s ity  a t  
any an g le . The r e s u lt s  on t h is  point were not conclusive  
sin ce  the deduction had been made from the lim ited  amount 
o f  evidence o f  three photographs at 10°, 45° and 90°. These 
are shown in  Figure 25.
A further demonstration o f the way in  which the 
angular p rop erties o f  the sca ttered  power correspond to 
the changing o f  the e lectro n  d en sity  in  the plasma i s  
shown in  Figure 62 . The readings were a l l  taken at 
24 G c/sec. In the e a r lie r  pa£t o f  th is  chapter, a s e r ie s
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o f  readings were taken to show the re la tio n sh ip  between 
the frequency and the d ischarge tube current for the 
maximum sca ttered  poxfer a t 90° • A graph a lso  showed the  
re la tio n sh ip  when measured fo r  a minimum o f  sca ttered  power
t
a t  9#5°. I t  was th is  minimum o f sca ttered  power th at had
been traced through the angular p o s it io n s . Figure 62 
shows the discharge tube current that i s  required to g ive  
the minimum in  the sca ttered  power. Readings were not 
obtained beyond 120° sin ce  the sc a tter in g  was occurring at  
the lower currents where the e lectro n  d en sity  w ithin  the 
plasma did not correspond to the Current because o f  the 
h y s te r s is  e f f e c t  o f  the e lec tro n -io n  recombination from 
the previous h a lf  c y c le .
Figure 63 shows the angular trends o f the power maxima
with d ischarge tube cu rren t. The p o in ts A represent the
reg ion s where the maxima have become broadened, see Figure 45.
The region  B represents the same phenomena but on a larger
sc a le , there being a great broadening o f  the peak in  th is
reg ion . At C, the maximumdies away. The curves on the
r ig h t  o f  the fig u re  represent the continuation  o f the*
24 G c/sec . curve o f  Figure 61. An extrap olation  o f  th is  
curve to  zero discharge tube current may cross the a x is  
around 170°, w hich,as i s  seen in  Figure 12, i s  the angle o f  
maximum scattered  power for the g la ss  o f  the discharge tube 
on ly .
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5 ( i v )  C o n c lu s io n s
From th e  sp e c tro m e ter  measurements on th e  s c a t t e r i n g  
p r o p e r t i e s  o f  a c y l i n d r i c a l  d i s c h a r g e ,  th e  f o l l o w i n g  
phenomena have been ob ser v ed .
( i )  Using an e x t r a p o l a t i o n  o f  th e  r e s u l t s  o f  F o u l d s ^ ^ ,  
plasma o s c i l l a t i o n s  were e x p e c te d  i n  the  d i s c h a r g e  tube at  
11 u n i t s  o f  current*  The sp ec tro m e ter  measurements showed 
phenomena which were a s s o c i a t e d  with  the  plasma o s c i l l a t i o n s  
a t  th e  e x p e c t e d  c u r r e n t .  A 5% l o s s  o f  power, in  a d d i t i o n  
t o  the  normal c o n d u c t i v i t y  l o s s e s ,  occurred  a t  th e  plasma  
f r e q u e n c y .  T h is  was caused  by th e  maximum t r a n s f e r  o f  
power between th e  microwaves and the  e l e c t r o n s  and th e  l o s s  
o f  t h i s  c o h e re n t  microwave pow er ,du r ing  c o l l i s i o n s  between  
t h e  e l e c t r o n s  and e i t h e r  th e  g l a s s  w a l l  or the ga se o u s  
p a r t i c l e s .
( i i )  Between 5 and 6 u n i t s  o f  cu r re n t  an a d d i t i o n a l  l o s s  ■ 
o f  power was o b ser v ed .  No d e f i n i t e  e x p l a n a t i o n  o f  t h i s  
phenomenon has been fo r th co m in g .
( i i i )  The e l e c t r o n  d e n s i t y  i n  the  c y l i n d r i c a l  d i s c h a r g e  
column was found ,  from measurements on the  freq u en cy  
dependence o f  the  s c a t t e r e d  power minimum at  9 i °  and the . ,  
maximum a t  9 0 ° ,  t o  be d i r e c t l y  p r o p o r t i o n a l  to  th e  
d i s c h a r g e  c u r r e n t .  T h is  d e t e r m in a t io n  was based  on the  
assum ption  t h a t  the  square o f  th e  plasma freq u en cy  was 
d i r e c t l y  p r o p o r t i o n a l  to  th e  e l e c t r o n  d e n s i t y .
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( i v )  The s c a t t e r i n g  p a t t e r n  o f  the  microwaves by th e  plasma  
column agreed  w ith  th e  g eo m etr ic  o p t i c a l  t h e o r y ,  even  
though the  column r a d i u s  was on ly  1-J w a v e le n g th s .  The 
wave t h e o r y  tre a tm en t  p r e d i c t e d  a complex lobe  p a t t e r n ,  
p a r t  o f  which may be a s s o c i a t e d  w ith  th e  sm a l le r  l o b e s  o f  
t h e  s c a t t e r e d  power p a t t e r n .
-  152 -
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